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Preface 



Two SPACE VEHICLES are traveling around the earth 
in the same orbital pathway, one a thousand miles 
behind the other. How can thenar vehicle catch up 
with the one in front to accom|)lish a rendezvous? 
Does it apply rocket thrust rearward to increase its y 
velocity^ That would seem logical. Or does it thrust 
forward for braking effect or "retrothrust?" That 
would seem completely illogical, but it happens to be 
the right answer. 

The laws governing space flight do indeed seem 
peculiar, but they are the same laws that Galileo, 
Kepler and Newton discovered centuries ago. In this 
text we shall strive, without overwhelming the student 
with mathematics and other technicalities, to provide 
a better understanding of the interplay between natural^^ 
and man-made forces by which travel beyond the 
earth's atmosphere— in orbit around the earth, to the 
moon, or to other planets— is accomplished. 

Although other volumes in the Aerospace Education 
series have dealt v^ith space and space vehicles, this is 
the first that attempts to set forth the Essentials ot 
propulsion, control, and guidance and the conditions 
of space travel in a systematic way. 

Here are some more interesting questions: Why 
bother chilling, liquid propellants down to "300 or 
-400" F when there are others that work at normal 
temperatures? Why not propel a space vehicle by 
electrical rather than chemical energy? Why should 
such a vehicle follow a different pathway through space 
than that of a chemically-propelled vehicle? If sight- 
ing to the earth and a distant star establishes a vehicle s 
location in space somewhere on the surface of a cone 
what further sightings must be made to fix its location? 
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These are the kinds of practical questions that study 
or this unit can answer. 

beginning with the basic laws of celestial mechanics 
the I text discusses chemical propulsion; the basics of 
thrijst; the differences between solid and liquid pro- 
pellent engines; devices for generating electrical power 
in ^pace: the potentialities of nuclear and electric 
rockets; thrust and thrust-vector controls; servomech- 
anisms and computers; and command, inertial and 
celestial guidance. In the final chapter, the discussion 
returns to celestial mechanics and compares the char- 
acteristics of suborbital (missile and sounding rocket), 
earth orbital, lunar, ahd interplanetary flight. 
\ There is much in these subjects to fire the imagina- 
tion, but our purpose is to be realistic. If not "down to 
earth,' we shall at least stay within the solar system 
The story told here is not a science-fiction movie ^f 
voyages to distant galaxies but a practical view of what 
man has already accomplished or is likely to accom- 
plish within the next few decades. 
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THIS CHAfTER rtvliwi an«f bolld$ upon bqckgroond yoo •havt acqofrtd in 
prtvlmji units tht Atroipac* Education Count. First tht basic laws of 
plantfary, motion ond gravij^ion ar« »t forttu_Thin tht ^nditions of 
atfodynamk fliflht for both aircraft and missilis art Ttscf ibid, foHowtH 
a pardlil stdion introducing tbt conditions of spact flight, which will bt 
nior* fully dtscfibtd irt lattr chapttrs. Upon eomJ>l«tion of this chtipttr, you 
should b» obit to do tht following: (1) list Ktpltr's thrtt laws of ptanttary 
motion/ (2) list Ntwton's thrtt fltntral laws of motion and apply thtm to 
txamplts of motion an tht .ground, in air, a|id in spact; (3) rtvltw tht 
princilplts of rtaction motors, whtthtr of WcJft or spactcroft; and (4) com- 
par^ tht conditions of motion in atmosphW and in spact with rtgard to 
vtfiidt control, friction, airfoils and strtaSvtlnTng^nd propulsion nttds 
for launch ond flight. 



Tn this unit, while we consider the marvels of exploration 
6f the moon, the planets, and outer space, we must at the same 
time bring our minds down to earth. There are practical con- 
cepts to consider— the ABCs of vehicle movement. Previously 
encountered facts and ideas ^nust be reviewed as we move on to 
the^iew. 

The title of this unit should make clear what the subject 
matter wiU be. There is the force which moves a vehicle, or 
propulsion. There are the means of regulating 'this propulsion 
and steering a vehicle, or control. Finally there are the means 
of navigating or using the vehicle^s control mechanism purpose- 
fully to get from one place to another, or guidance. A topic 
closely related to control and guidance of spacecraft is orbits 
and trajectories. 



SPACE TECHNOLQOY 

To introduce these concepts and acquire a better insight mto 
the special nature of space travel, let us devote this first chapter * 
to two things: a review of certain fundamental physical laws that 
apply to all vehicles, and a comparison of vehicle behavior in 
air and soace. 

SOME SENEMEENTII-CENTIUY LAWS 

On the ground, in air, and in space, propulsion and control 
are achieved by obeying or applying certain physical laws dis- 
covered by Galileo (1564-1642) and Kepler (1571-1630) and 
set do^vn systematically by Sir Isaac Newton (1642-1727). You 
may have heard that modem astronomers and theorists like Ein- 
stein have rendered these laws obsolete, but as long as we are 
considering vehicle motion within the solar system and at speeds ' 
much, slower than the sp^d of light (and we do not intend to 
venture^ beyond these limits in this unit), we can continue to 
live with these seventeenth-century laws. In fact, man has only 
recently **discovered" these laws all over again— that is, found . 
out by direct experience that they really work. Only recently 
has man actually experienced the weightlessness that to Newton 
was a mathematical formula. Only within the past decade has he 
actually traveled in vehicles that speeded up and slowed down in 
obedience to Kepler's traffic laws. 

Gravity and GraviUtion 

These two words refer to the same force, but in precise usage, 
grai|tation is the basic term for mass attraction between two 
bod^s in space, while gravity is limited to this attraction as we 
experience it at or near the surface of the earth. We can theorize 
that when a pencil falls to the floor, the earth attracts the pencil 
as the pencil attracts the earth; but practically speaking the at- 
tracting force in the earth overwhelms all others. It acts, so it 
seems, straight down. ActuaJly, since the earth is turning on its 
axis, "gravity'* is a combination of the rotating and the down- 
ward forces. Otherwise a dropped object would always land some- 
where to the west of its release point. In this text, in referring 
to the complex forces interacting between sun, planets, moons, 
and man-made space vehicles, "gravitation" will be the pre- 
ferred term. 
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According to legend. GaUlilo-fexpcrimented with gravity by 
dropping .ron shots frOm the Leaning Tower of P.sa a. shown 
in Figure 1. Newton also was inspired by the simple phenomenon 
of a falling object-an apple from a tree. Th.e accompl.shnient 
of these men is not Hhat they "discovered" the old oik truism 
that "Whatever goes up must come down" or explained' why 
our feet are held to the ground, but that they charted and meas- 
ured this force, and extended its principles to explain the motions 

of the heavenly bodies. , j 

Newton concluded that any bodies in space are attracted to- 
ward each other with a force proportional to the product of their 
masses and to the inverse square of the distance between them. 
A body like the moon is forever drawn toward the earth by this 
force What keeps it from falling into the earth with a mighty crash 
is that it also has a forward velocity (according to the laws ol 
motion discussed below). Scientists are not in agreement as to 
how the moon acquired this velocity in the first place; let us 
merely settle for the fact that it exists. The -moon "falls, but 



A'^iUGKTiEtGHT 
B = HEAVY niGKT 
^ g WEIGHT THROfli OUTWARD 

ALL REACH THE GROUND IN THE 




Figurt 1.' Galileo's legendary .xpenments at the 

with iron balU. 
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along a trajectory ihat carries it beyond the body toward which 
tt IS faUing, so it keeps circling the earth. In similar manner 
m^ade satelUtes orbit- the earth and the planets orbit the sun.' 

• attracuon of gravitation weakens with distance, and the 

speed with which a body must move to stay in orbit also de- 

ycftases with distance. 

A space vehicle orbiting at an average height of 100 nauUcaJ 
miles must move at an average speed of 25,567 feet per sec-) 
OTd m order to stay aloft. At higher altitudes it can move slowe/ 
For example, a synchronous satellite can remain poised over a 
smgle spot on. the surface of the earth <it must be over the 
equator) at an altitude of 19,351 nautical miles, as it takes ex- 
actly a day to make its orbit, moving along at 10,078 fps 
Conversely, however, it takes greater boost velocities for a space 
ship to reach higher altitudes. As one ventures still farther into 
•space, the influences of the moon, other planets, and the sun be- 
gm to affect an orbital path evfn before the grip of earth gravi- 
tation is completely escaped. 

^ ^' ■■ K«id«r's L«wi of Blaneury Modoo 

* 

Johannes Kepler observed tliree laws of the fehavior of planets 
upon which Newton built and which can be extended nowadays 
to cover spacecraft and other orbiting bodies. 

1. The orbit of each planet is an elUpse with the sun at one focus » < 
Kepler thus, noted that planetary orbits were not quite circular. ' i 
The same is true of man-made earth satellites, which travel * ^ 
an elliptical path with the earth at one fyus. Similarly, the 

' path of a ballistic missile is an ellipse, but one that happens 

^ to intersect the surface of the earthy _ 

% Every planet revolves so that the line joining it to Ihe center of 
the sun sweeps over equal areas in equal times. While this la'w can 

, easily be imagined as appUed to a circular orbit. Figure 2 
illustrates a way to divide an elliptical pie into eight equal 
portions. To slice out equal portions of the pie m equal time 
periods, the planet must obviously travel fastest around that 

•Some huwJr coormloo npirei' 
^^^l^to^^r^^JrLl? -^r^^^r ^ MS (Aho u.e to ™ < 

f P^^JP^ or mph to knot*-muliip»y bj ov 

rt^' 7^rL*tSS?JSJ*^*'** ^ hoar-nromply by 6tt f Rounded nnmben likt 6t or 

/wn^ . E , ^ • velocity on a famlUw idle ) 

4, Mfks per hour to feet per .ccood. muldplr by i 467 or rounded decimal 
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part of its path that lies closest to the sun (rim of pie wedge I) 
- and slowest in the portion fardiest from the sun (rim of wedge 
" V). If the pie orbit were circular, the planet would move at a 

uniform speed. 

3. The squares oj the sidereal period* of any two planets are to each 
other as- the cubes of their mean distances from the sun. If one 
planet travels slower whUe farther out, it is also true that in a 
series of planets, the ones farther out will travel slower. Kepler's 
third law expresses the mathematic formula for this pheno- 
menon. By this formula if planet B is twice as far from the sun 
. as planet A, roughly speaking, planet B's year would be 2.8 
Umes as long as planet A's year. (If both planets were traveling 
at the same speed instead of obeying Kepler's third law, 
planet B's year would be only twice as long as planet A's.) 
K«5pler did not understand why planets behaved in that manner; he 
merely ol?servcd and chartered how they behaved. More insight is 
offered, not only in the behavior of planets but into vehicle 
moUon in general— froi# bicycles to spacecraft— by Sir Isaac 
Newton's famed three laws of motion. 

Newton's L«ws of Motioo 

I With no force acting upon it, a material body at rest will remain 
at rest and a material body in motion will remain in molion, un- 
changed in direction and speed. Actually there is no such thmg 
in space, as far as man has been able to discover, as a body ab- 
solutely "at rest," A body is at rest only in relation to another 
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body. A parked car is riding a spinning planet on a journey 
around the sun. The sun, scientists agree, is also m motion 
through space, but if we confine our thinking to the solar 
system, we can assume it to be at rest. Everything else in the 
solar system is in motion, "^and all calculations can begin by 
assuming a body to have an "initial velocity." 

2. A change in the motion of a body indicates the presence of a ' 
force and is proportional to and in the direction of that force. 
this force can be gravit) or gravitation due to the mere pres- 
ence of another body, or it can be an applicatioij of energy 
such as results from burning fuel. 

3. For every action there is an equal-^ind-opposite reaction. As 
applied to thrust, this law should be a familiar one to the student, 
who has encountered it in previous units .of Aerospace Education 
such as Aircraft of Today, Spacecraft and Their Boosters, and 
Propulsion Systems for Aircraft. One should also be aware of it 
in regard to gravitational and inertial forces acting upon a ve- 
hicle in ' space. 

Expltoation of Terras 

Along with these laws, you should also know the meaning of 
certain terms associated with- them. Here let us explain mass, iner- 
tia, momentum, friction, and acceleration 

, Mass. — Mass is the measure of the amount of matter in a body, 
which causes it to have weight under the influence of gravity. 
If you weigh 150 pounds on earth at §ea level, you will be 
'^weightless" in orbit but you will still have a bodv — with 150 
mass pounds. 

Inertia. — Inertia is that state of rest or constant motion men- 
tioned jn Newton's first law. More specifically, it is the tendency 
of a body to resist any change in speed or direction. It presses 
you into the back of the seat of an accelerating car, or throws 
you forward if the car slows abruptly, or pulls you toward the 
outside of a sharp curve— or lets you sit as quietly as if in your 
living room as long as the vehicle is moving straight ahead at a 
steady velocity. 

Momentum. — Momentum, in regard" to a moving body, is the 
same thing as inertia. It is the quantity that keeps it moving 
steadily in a given direction. More precisely, it is (he measure 
of that quantity: momentum - mass x velocity. 
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Friction.— Friction may be defined as the rubbing together of 
two substances or bodies in contact with each other, of a body 
m contact with a gas or fluid, etc.; the resistance to relative 
motion caused by this contact. For earthbound and airborne, ve- 
hicles, gravity and friction are the twin conditions which forbid 
ihcm'lhe unrestricted momentum, the free unpowyed fbght of 
planets and space vehicles. Even without brakes, a car will 
evemuaUy roll to a stop because of gravity pressmg down (and 
pavement pressmg up) on bearings and tires and creating fncuon. 
Water and airborne vehicles must move through a resisting medium. 
Force must be constantly applkd to overcome this resistance, 
whether or not there is any velocity gain or "acceleration" (see 
below).' Friction also generates heat— ranging from the warmth 
felt in your hand when you rub a surface to the fiery rock- and 
metal-consuming heat of a meteor racing through air. 

ACCELERATION.— Acceleration means increase of velocity per unit 
time, the result of propulsive forces applied to a vehicle accord- 
ing to the second law of motion. We can also speak of slowing 
down or "deceleration" as ."negative acceleration." The essemial 
thing either way is change. MathematicaUy. "change in velocity 
is written as "Av." Space personnel use the word delta-V^re- 
quently as part of their shop talk. They may be exercising some 
license when they speak of getting "more deha-V" out of a pro- 
peUant instead of "more thrust," but the idea communicates, and 
the concept is in^rtant. 

Now let us begin to apply these laws to vehicle motion, con- 
sideritig first vehicle motion in air. 
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Vehicles in air must be adapted to an environment that re- 
sists applies pressure, and produces friction. Note that we have 
said "vehicles in air" and not "aircraft." When we discuss space 
vehicles, we cannot leave the subject of aerodynamics behmd us. 
If they are to be launched through the eanh's atmosphere and 
brought back through the same atmospliere for a safe landing 
they must obey aerodynamic laws at these tWs., If the veh cle 
re^lyTan aircraft. dSgned for aerodynamic flight and nothing 
else.'it enjoys an immense profit of advantages in exchange fo 
its lack of ability'to travel at 17.000 miles per hour or reach the 
moon. A helicopter can hover sfetionary over any spot on earth 
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and maneuver almost as tightly as an automobile wriggling into or 
out of a parking space. An airplane, even a supersonic jet, can 
make a 180^ or 360 turn, make evasive maneuvers in combat, 
fly due east or west, make an unscheduled landing at Paducah, 
Kentucky, and perform numerous othea* miraculous feats impos- 
sible for an orbiting spacecraft. Before its testing was discwitinued 
by NASA, the X-15 rocket propelled airplane reached speeds in 
excess of 4,500 mph and altitudes of up to 60 miles mainly be- 
cause its rocket engine needed no air. At extreme altitudes it 
found enough atmosphere for very limited aerodynamic maneu- 
vering (Fig. 3). 

PropulsioD 

AU aircraft engines, like rocket engines, are reaction motors. 
This is as true of propeller driven as of jet airplanes. All these 
propulsion units work b> hurling a mass of gas rearward to pro- 
duce the equal and opposite reaction that gives the craft its for- 
ward thrust according to Newton's third law The gas must be 
accelerated, hurled rearward faster than the speed at which the 
craft encounters it. The mass of gas used m this fashion by the 
propeller driven aircraft is the ambient Or surroundine air itself. 



gur. 3 The X 13 rocket crplone corned .ts owo oxygen, and sa performed of 
•xtreme oH.tudei. but could perform l.m.ted oerody^om.c mor^euverj 
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thrust back by ihe propeller. No thrust is gained from that por- 
tion of the air that must pass through the engine itself for com- 
bustion x^r -breathing" purposes. The mass of gas used by the 
turbojet engine serves two purposes, feeding combustion and, as 
combustion exhaust, providing thrust by its all important func- 
tion of rushmg out the back door faster than it came in the front 
The turbofan or fanjet engine employs both these principles The 
rocket motor also hurls a mass of gas or combustion exhaust 
rearward. Its distinction compared with an airplane jet is that it 
must carry its own oxidizer as well as fuel supply, or its own mass 
of gas, in order to propel in space. 

A rocket motor, however, is not necessarily designed purely 
for operation in the vaccum of space. Many military rockets and 
missiles are designed for use ia the atmosphere. Even space launch 
vehicles must expend the greater amount of their energy in the 
^ atmosphere. 

We must repeat what has been said so often in other Aero- 
space Education units, that neither rockets nor aircraft jet engines 
operate by pushing against either the atmosphere or the launch- 
ing^ pad. In fact, these obstructions impair the efficiency of the 
reaction by slowing down the rearward rush of the propellant 
gas. Even airbreathing jet engines (ramjets especially) are more ef- 
ficient in thin high atmosphere than in dense lower atmosphere. 

The maximum altitude at which a turbojet can operate is^ 
about 20 miles, or 105,000 feet; the ramjet can operate as high 
as 28 miles or 150,000 feet. We shall have more to say about 
the ramjet later, for one must be more familiar with the problems 
of space propulsion to appreciate certain of its possibilities. At 
this point we might say that we earthlings who grumble about 
the price of gasoline are not sufficiently thankful for the fact 
that air costs nothing, takes up no space aboard our auto- 
mobiles and airplanes, and adds no weight to these vehicles. 

Aircraft Control 

Again for the sake of comparison, let us review the means by 
which aircraft flight controls operate. We must also give considera- 
tion to some of the aerodynamic features of rockets in air and 
space vehicles during launch and reentry within^the atmosphere. 

The aircraft presents various resisting surfaces or airfoils to the 
onrushing air. These include wings, ruddetsT stabilizing fins, aile- 
rons, elevators, tabs, flaps, and spoilers. For braking effect on a 
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fast landing, we might add. a parachute or two. Pressure against 
some ot these surfaces ' (and negative pressure drawing against 
others according to Bernoulli's Law)* produce changes in the at- 
titude of the aircraft. Attitude, an important word in this study, 
means the position of a vehicle in regard to the direction it is 
traveling. In an aircraft, attitude control and flight control are 
virtually the same thing; in a spacecraft .they are two different 
things. This fact holds for helicopters as well as conventional air- 
planes, but to keep our discussion simple, let us stick to conven- 
tional airplanes. These have rigidly mounted engines, positioned 
to propel in a forward direction only. To steer an airplane to 
the right of its original flight path, the" pilot sets certain air- 
foils to make the air push and draw the tail to the left. The air- 
plane, like a lever on its fulcrum, then swings on its center, of 
gravity, aiming the rigidly mounted engines rightward to produce 
thrust in a new direction. 

If some surfaces of an aircraft are designed to resist air, the op- 
posite side of the coin is streamlining— the shaping of an aircraft 
and its pans so that the whole system slips through the air in 
the desired direction with minimum resistance, while opposing 
flight In undesired directions with maximum resistance. Both atti- 
tude and flight control depend upon these two factors. 

Another element of control is regulation of propulsion. As in 
an automobile, we take this feature for granTed. We assume that 
a pilot, can regulate an aircraft engine's power output through 
such phases as takeoff, climb, cruise, descent, and landing. 
Within the design liimts of the aircraft, altitude, and other fac- 
tors, an aircraft can also accelerate or reduce speed in level 
flight or without changing course just as an automobile can vary 
fts speed and remain on the same road. A spacecraft cannot al- 
ways, do these things. 

Thus wc see that engine and airfoil controls together providl 
the aircraft with great flexibility and freedom of maneuver which 
any astronaut might envy, but for these freedoms more thanks ari 
due to Mother Nature than tq the aircraft manufacturer. Thd 
fnendly atmosphere provides lift and friction, and pays morel- 
than half the propellant bill to boot. 

•Ai tht «locltr of . fluul incrc««. lu dtcteue. 
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Missilcs/and Spacecraft In 

' Missiles, rockets, an/even spacecraft also make use of aerody- 
namic controls. In fact/Wh.in the way of sophisticated guidance 
of military missiles is also dependent upon aerodynamics A heat- 
seeking Sidewinder or radVhoming Sparrow (both solid-propel- 
lant rockets) could not give chase to an enemy aircraft taking 
evasive maneuvers, without making use of the same environment 
that makes the enemy's maneuvers possible. These are tricks these _ 
missiles can-do which an ICBM, because it flies a ^Pace trajec- 
tory cannot do. The mechanics of gravitaUon and orbits do not 
permit such acrobatics in space, just as the friction of the atmos- 
phere and the heavy pull of near-earth gravity will not permit 
ihe tremendous velocities attainable in space. Thus certain re- 
ports of the behavior of UFOs-unidentified flying objects, some- 
times caUed "flying sauc6rs"-imply utter defiance of the natural 
laws cited in this chapter. 

Escape.— To facilitate escape, launch vehicles have streamlined 
noses If the payload is an unaerodynamic 'satellite, it remains en- 
cased in that nose until it is in space. Some launch vehicles have 
-stabilizing fins to provide bettecj^ntrol during the boost phase of 
the flight, but many do not. The latter depend on deflection of 
thrust and other space-type controls while operating within the 
atmosphere. Complexities of the control problem during the launch 
phase will be discussed later. . 

Rentry.— When you see a shooting star at night, you are witnes- 
sing an uncontrolled reentry into the atmosphere and .seeing how 
much heat atmospheric friction can generate at high speeds. When 
a chykk of matter h^irthng through space, caUed a meteoroid, 
comes und?r the influence of gravity, it begins to plummet toward 
' Ihe earth is a meteor. It falls toward the earth faster and faster 
trough an\ environment perhaps too thin to be called atmos- 
lere but nevertheless containing enough molecules to warm it 
wk their friction until, at a height'of about 70 miles, it is hot 
enbugh to begiii to glow. As it streaks toward earth at speeds 
upl to 40 miles per second it encounters heavier and heavier 
lajf'ers of atmosphere and glows brighter and brighter until it is 
^U; consumed. (If . an unconsumed remnant reaches the earth, it is 
called a mete^ritls.) 
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Man-made objects in earth orbit eventually suffer this fate too 
Dead satellites, discarded booster engines, and^-othcR items of so^ 
called "space junk" eventually slow down in near-eartl^ space. The 
fnction of a thin scattering of air molecules, too thin to be called 
atmosphere, and of numerous tiny micrometeoroid . particles, 
eventually produces a braking effect on the orbiting vehicle or ob- 
ject; and the orbit decays— that is, the force maintaining the ob- 
ject m orbit loses -strength. .The object is then pulled toward 
earth by gravity and ends its existence in a blaze of glory as a 
meteor. A space ship with a man aboard would suffer the same 
fate without proper means of bringing it to earth safely. 

A flatiron-shaped lifting body, an aircraft currenUy under de-, 
yelopment for gliding on atmosphere, is one answer to this prob- 
lem. At present, however, the tried-and-true method of safe re- 
entry is one that involves maneuvering the craft's attitude just 
before reentry so that it presents its blunt end forward as jt 
descends into the atmosphere. This blunt surface is coated 'with 
an ablative* heat shield, which absorbs the heat of atmospheric 
frictTpn, heats to a bright glow, then carties the heat away 
from the vehicle through the simple process of wearing and flaking 
off. As the craft reaches the lower atmosphere, parachutes are de- 
ployed for more drag prior to a gentle splashdown. Thus re- 
entenng space vehicles make use- of atmospheric drag just as air- 
craft do. 



\ETnri.KS IN SP\CF 

In space, the laws of Galileo, Kepler, and Newton operate' in 
a very forthright fashion. Without the friction of atmosphere to 
impede it (except to the slight degree already described), a body 
in motion truly operates according 'to Newton's first and second 
law; and in orbit it travels faster at perigee {the point on its 
•orbit closest to earth) and slower at apogee (the point farthest 
away froni earth), just as Kepler said it would. 

Without atmosphere, airfoils are useless, and so is stream- 
lining, Satellites of all sizes and shapes, be they cubes, giant 
balloons, or irregular objects projecting flat surfaces and antennas 
in various directions; regardless of attitude, sail serenely through 
an unresisting vacuum in unpowered flight at speeds of many 

I.U^^'^'* "« «r.mm.Uctr tern, which i> pronounced "AB- 
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thousands of mUes per hour. Attitude is unrelated to line of 
ffight, except insofar as it positions a rocket motor to dcUve^/"' 
thrust in a given direction. A spacecraft can fly sideways or 
"nose up or nose down, ft can roU round and round its axis, or 
yaw from side to side, or pHch up and down, or even tumble 
end over end, and it will still continue in the same line of flight 
at the same speed. These motions may be undesirable and con- 
troUed attitude may be desirable for a number of reasons, but 
they have no effect on line of flight or velocity. 

There is one misleading notion that should be corrected right 
now. Do not imagine that, because a space vehicle is "weight- 
less " it should be easy to maneuver. If a sateUite weighing 140 
tons on earth can be put into orbit, consider that it carries 140 
mass tons in space, and multiply this by a velocity on the order 
of 25 000 feet per second to calculate its tremendous inertia. 
To st^r it from one orbit to another, or launch it precisely on 
a trajectory that will take it to the moon, powerful G-forces and 
inertial forces must be overcome. That, of course, is why the 
booster has so much mass in the first place. Most of it is rocket 
engine and propellants to accomplish this job on behalf of a much 
smaller payload. Let us consider propulsion little further. 

Propulsion 

In all space operations, a few minutes of thrust establishes a 
velocity maintained by coasting. A ride through space is mostly 
downhill A coasting satellite can only stay in one orbit, but even 
one retaining some thrust capability must carefully conserve it for 
use at times when delta-V is required, the uphill part. Of all 
these hills, the hardest is the first, getting off the earth. 

The two biggest monsters in US space programs are Titan 
lllC and Saturn V. Titan lllC, with its two strap-on solid boosters, 
can develop a total of more than three million pounds of thrust 
(Fig 4) Early in 1965 it demonstrated its prowess by boosting 
a 21 000-pound dummy payload into earth orbit. This performance 
was 'topped in November 1967 by the Saturn V, with an initial, 
stage thrust of 7,500.000 pounds and a second stage of -000.^" 
thrust pounds, which orbited a 280.000 pound Payload, the 
third stage's 200.000 pounds of thrust in turn boosted 30.000 
pounds to a higher orbit. Total thrust of that Saturn V. all stages, 
was 8.700.000 thrust pounds. 
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Figyr* i. Titan IIIC, with two *trop-on solid 
than thrte million po,und: 



i oosttr motors, con d*v*lop mor« 
of thrust. 



As they sat on the launching pad, Titan IIIC weighed 1,400,- 
000 pounds and Saturn V 6,100,000 pounds. The greater partj 
of these weights was propellant. 

The Saturn V booster used in the Apollo moon flight program 
achieved some increases, in both weight and total thrust. For in- 
stance, the Jaunch vehicle used in the flight of Apollo II — the 
flight that first put 'men on the moon — weighed around 6.5 
million pounds and developed nCiirly nine million pounds of total 
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thrust. The Apollo spacecraft itself— including Command, Service, 
and Lunar Modules, a Spacecraft-Lunar Adapter, and a Launch 
Escape System— weighed 96,698 pounds. Later Apollo flights 
were in roughly tftfc, same range. 

In the blazing, earth-shaking, ear-splitting spectacle of a space 
launch at Cape Kennedy, the missile is seen through immense 
billows of smoke and flame beginning its rise as ponderously and 
slowly as a freight elevator in a warehouse. But it does rise, faster 
and faster, each additional second of burning time adding velocity 
to velocity— continuous delta-V. As the fuel is consumed, the 
weight of the load decreases considerably, but not enough. There 
is still the dead weight of the en^ne itself adding to the burden of 
the launch, and eventually this engine runs out of propellant. 
Therefore propulsion is divided into stages. As each stage burns 
out, the next one^smaller and lighter— is ignited and the dead 
one is automatically detached and thrown away, or, to use the 
proper term, jettisoned. This lightens the burden still more until 
only the relatively small orbital payload remains. 

A costly procedure indeed. In view of the inflexible seven- 
teenth-century laws we have cited, must man always pay such a 
high price for getting into space? The experts feel that this fare 
can be greatly reduced. There are unbreakable limits imposed by 
nature, but other limits, imposed by the present "state of art" of 
aerospace science, in the future will be expanded greatly. Here 
let us suggest some of the directions which propulsion progress 
might take, some of these topics to be amplified in Chapters 2 to 
4 of this study. 

One is the recoverable booster stage engine. If the booster 
stage cannot be carried along for the whole trip, as an airplane or 
automobile carries its power plant without throwing it away to 
lighten its load, perhaps the discarded booster stage could make a 
soft landing or splashdown and be repaired for future use. Some 
liquid rocket en^nes, at least, are costly and complicated enough 
to make the effort worthwhile. (Solid booster motors, being little 
more than shaped containers for the propellants, may continue to 
be disposable.) The space shuttle now under development as a 
relatively cheap means to supply manned orbiting stations around 
the earth (and perhaps even to launch satellites) will be a two- 
stage rocket ship with an expendable booster stage that will be 
usable around 100 tunes. 
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Another approach, of course, is that of improving the fuel and 
oxidizer performance, and this effort goes on continuously. Less pro- 
^pellant weight flow rate* producing more thrust means higher spe- 
cific impulse, measured in seconds. Specific impulse is the number 
of pounds of thrust delivered \?y one pound of propellant in one 
second. If the engine were throttled down to very low thrust, you 
could ^put this figure another way— the number of seconds over 
which one pound of propellant would continue to deliver one 
pound of thrust. Either way it means mileage, less propellant 
weight per payload. At present, a specific impulse of 400 seconds 
is considered good for space rocket propellants. Within the theo« 
retical limits of chemical propulsion, as discussed in Chapters 2 
and 3 there is still mtich room for improvement. 

But there seem to be limits to chemical propulsion which *can 
be exceeded by nuclear propulsion. There are also a number of 
actual and proposed means of nonchemical low thrust propulsion, 
no good for boosting off the earth but useful for midcourse flight 
and maneuvers. Various means of nonchemical propulsion are 
discussed in Chapter 4. 



To preview the topics of control and guidance of space veRicles, 
it is perhaps best to postpone discussion of the actual means of 
accomplishing these aims to a later chapter an,d discuss here some 
of the problems of the space environment in this, regard. 

Control of a vehicle out in space is a subject Hard to differenti- 
ate from propulsion, for it is all accomplished by propulsion. How 
can an unpowered vehicle, coasting unc^r the conditions de- 
scribed above be; made to behave itself prof)erly? How can it be 
held to a desired attitude, let alone made to change vectors? Since 
airfoils are useless, the only thing that will work in space is thrust 
— mammoth thrust, as we have seen, for boosting the vehicle into 
space, substantial thrust for getting the acceleration— the delta- V— 
for changing to a higher orbit or a trajectory to the moon or an- 
other planet. Negative dclta-V or retrothrust, is the means of de- 
scending to a lower orbit or (in some cases) reentry. Steering (or 
thrust vector control) is, of course, possible, by means of deflect- 



Propellant wciRhr flow rate is ihc wcisht of propellant consjjmed m a Rjven period of 
Ume in calcuIaUnj? specific Impulse thai time is one second, and the resulting figure is 
expressed as 'seconds of specific Impul^ ** 
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ing the exhaust gases.* Some of the aims one might think would 
be accomplished by steering arc accomplished by other means. 
One does not zoom an orbiting spaceship by aiming it upward 
like' an airplane. To go "higher " one usually adds thrust to 
' straight ahead movement. 

jfin extremely important aspect of JControl in space is the accu- 
racy with which propulsion must be started, regulated, and ended. 
Timing must be down to split-second accuracy; thrust must be con- 
trplled to achieve a precise velocity, for velocity, we repeat, is not 
oply a question of how fast but also where the vehicle will go. 
Such terms as windows and corridors indicate the precise time in- 
tervals or pathways that must be taken to accomplish a mission or 
bring back any human passengers alive. Guidance, as we shall 
learn, can be provided by several systems, but all of them must 
be automatic and computerized, whether the craft is manned or 
unmanned. 

As Willy Ley once said atiout how to reach the mpon: "You 
shoot into infinity, and you do it at 'such a time that the moon, 
gets in the way." All voyages in space, even near-earth orbits, are 
like that. As in skeet shooting, it is a matter of predicting a meet- 
ing point for shot and target. There are some orbital paths and 
trajectories a space vehicle can follow and others which are im- 
possible. The path of a satellite projected straight down to the 
earth's surface is called its ground track. If it is desired to make a 
vehicle pass directly over a given location on the face of the earth 
at a given time, one cannot simply "steer" the vehicle along the 
desired ground track. The correct procedure, rather, is to launch 
the vehicle with the right velocity at the right time and let the 
laws of Kepler and Newton provide the ground track. Accomplish- 
. ing a rendezvous between two satellites in space is a similar prob- 
' lem. From such examples we can see the importance of orbits 
and trajectories. 

^ SUMMARY 

Propulsion, control, and guidance are essential Ao the movement 
of all vehicles— on the ground, in the air, and in space. It is also 
true that all vehicles obey the S£ 
vironhient they move. Twentieth- 

•Tht» deflection chanjts the thrust valor— 
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arc based on an understanding of physical laws first discovered in 
the seventeenth century by Galileo, Kepler, and Newton. 

Galileo and Newton related the force of gravitation as we ex- 
perifcncc it on tarlh to the mass attraction between bodies in space. 
Kepler tracked the orbits of planets carefully and determined that 
the planets follow an elliptical rather than a circular path, with the 
sun as one focus of the ellipse. He also observed thit placets 
moved faster in that part of the , orbit that lay closer to the sun/ and 
that near planets also moved at a faster average velocity than 
more distant planets. From the groundwork provided by Galileo 
and Kepler, T^ewton developed the three laws of motion: 1. A 
body will continue in the sa^e state^of rest or motion unless 
acted upon by another force, 2. Any change in its velocity indi- 
cates the action of another force, and 3. Action and reaction are 
always equal and opposite. 

• All bodies, whether on earth or in space, obey these laws, but 
if bodies on earth or iii atmosphere do not seem to obey tiiem 
it is because of the force of friction. Other , terms and concepts that 
must be understood for purposes of this study are "mass," which 
a body always has regardless of **weight" (the product of mass 
and gravity); "inertia" and "momentum," the products of mass 
and velocity; and "acceleration," the change of velocity brought, 
' about by either propulsion or gravitation. 

To appreciate movement in space, a review of the conditions of 
vehicle movement in atmosphere is useful. A point worth remem- 
bering is that not only aircraft move in atmosphere but also space- 
craft during the launch and reentry phases of their flights. All air- 
craft engines operate oil the same action-and-rcaction principle^ as 
rocket motors. Jets, especially ramjets, actually function with 
greater efficiency in high thin atmos{Aerc, under conditions that 
apfJToach those of space travel. Although aircraft are inhibited in 
velocity by atmospheric pressure and friction, these same condi- 
tions permit flexibility and maneuverab^ty denied to spacecraft 
by the tremendous inertia imposed by gravitational forces, and by 
lack (^friction. 

Spacecraft need a certain amount of streamlining to facilitate 
flight into space. Their main aerodynamic problem is that of re- 
entry — to a^f3^d being consumed by the heat of atmospheric fric- 
Y tion like a shooting star ot, metew. The current tried and true 
method of reentry is that of using a blunt surface coated with a 
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material caUed an ablaUve heat shield to carry off heat as it dis- 
integrates. 

In space, the laws of Galileo, Kepler, and Newton operate in 
very forthright fashion. Lack of friction permits tHipowered fUght. 
regardless of attitude. The principal problem is to get the vehicle 
into this environment from the earth's surface, a tasfe which today 
can be accomphshed only by generating immense thrust forces and 
wastcfuUy discarding booster stages as weU as burning up propel- 
lants to lighten the burden. The greater part of a spacecrafts 
weight as it sits on the launchuig pad is propeUant. Future devel- 
opments include a nuclear rocket engine as well as other means 
of propulsion. 

The control problem in space is based on the fact that the ve- 
hicles have tremendous inertia and lack maneuverabUity. It is 
mosUy done by precise computerized regulation of propulsion to 
attain the exact timing and velocity that wUl inject the vehicle into 
a given orbit, or trajectory where Keplerian and Newtonian laws 
will do the rest*". 

Armed with the broad insights offered by this chapter, the stu- 
dent can now begin to explore the subjects we have summarized 
in a Tittle more detail. The next chapter will deal with chemical 
propulsion. 

t 
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QUESTIONS ^ 
1. What b the diffjcrtnce betwetn gnnrfty and grarttatioa? 
1. Wort tfae we hare gfren with tht Atexnent of Kepler'i second law. 

/Uwme simpUfied fifum, soch as 10 distance nnlts for planet A'l distance 
f °1, 1? P^«^ ort'**' 20 distance tmits 

fa tSr^ito! ^^'^ frow am. SoJre for planet B^i peiiod of orbH 

^'•^ ^ v*!^?' ^ *° " KrtomoMe? 

of Newtotfi lawB repmeots the fonctlon of tbe teat bete tbem- 

4. N«me some of fl» adrantaces which «ircrift hare compmd to s»«cect«ft 

Udes? What is oae proposed method tmder derelopnitnt? 

^ ^ coostmcted fa itagef for a .p«e lannch? 

Why moat they be-diacarded after ooe nae? 

^ «««^ to • »eUck that li Dot 
t««rany cooaidmd to retard to hod or air Tehid«? . ™« » n« 

THINGSTODO 

I. The next time you ride in i car, pay particular attention to the forces at 
^^~fT^°^ momentum, inertia-and be aware of how we use 
Newton s Uw» of Motion in everyday practice. This should make you 
Wreaate the fact that such laws are not just theoretical statements for 
laboratory use only. 

^' ^ n ??u f° satellites are currcnUy in orbit aroand 

the Earthy how many of them arc still performing the tasks that they 
were icnt up for, and how many have become "space junk." Is there any 
oanger^ of ovcrcongcstion of orbital ^>acc from these satellites? 
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* THIS, CHMl^ Jbtglns wilh a retttw of fc^as^c. ^htmhlry ta.provtd* an vncbr- 
^an^9. of bxidoHon btfor*. fptcvilng on propuiiton. Tho^ bciic* of thrust 
aro th«n prcMntttt ui tintu of combustion chdmbtr and nozzlt, mo« flow, 
specific Tmpu(s«l, and other factors reloted to tht htovltst ibsV of propursTon— 

~^h6oilmsr^'y^^c^ <i^^^ iurfoc«~of"fB* •orfh. Af*tr wnpltTmg sfucfy of 

• this, chqpttr, you should bo ^ibli to do thr folfowing: (t> dtt •xornplts of 
thr basic chemicof proctis of oxidation ranging from txtrtmtty slow to 
«xtrfm«ly fast; (2) i»mpor* combustion In on oir-brtothing tngint with that 
in a rocktt engint; (3) dtscribt a mpftcult's path from combustion chambtr 

* to lioaW «xil plono of. d, rocket motor; {4} dtfina Jptcrfic impulse, ihrust^to* 
wtight rotio, TOtIo, gross-weight -to^poyfood ratfo, and AY, and <5) 

describe the process by which a poyjoad is boosted from the earth's surfoce 
Into oth\U. 

Chemical propulsion is currently man's only means of escap- 
mg into space and hib principal means of giving himself a choice 
of pathways in space. With limited exceptions, nonchemical pro- 
pulsion systems, which will be described in Chapter 4, still belong 
to the future. Nuclear engines nowadays are already doing some 
of the world's work. They drive ships and submarines and supply 
, cities with electricity. The earthshaking roar of a Saturn booster, 
however, is not nuclear. Man's mightiest thrust into space to date 
is that of thousands of tons of chemicals undergoing an old 
fashioned reaction known as oxidation or combustion. 

In this chapter, we shall discuss both chemical propulsion and 
some of the basics of propulsion itself. There are important differ- 
ences between the two main types of chemical propellant systems, 
liquid and solid* but these will be discussed in Chapter 3. As- 
pects of thrust so fundamental that they apply to both types of 
system are discussed in this chapter. Special attention will be given 
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to the heaviest task of propulsion, the launch, into space, ^e first 
topic 'is very fundamental indeed — a backtrack into elementary 
chemistry to provide an understanding of that all-important thing 
called oxidation. 

OXlU\TU)N AND (OMBISIION 

A chunk of iron turning rusty in moist air and a huge rocket 
blasting off into space have one thing in common, a chemical re- 
action called oxidation, 'ffi both of these instances, a chemical 
element or compound clawed as a fuel, more technically a reducer, 
reacts with another chemical element or compound called an 
oxidizer or oxidant. These words are derived from "oxygen.'' 
which is the most common oxidizer. » 

Oxidizers and Reducers ^ 

Various oxidizer-redil^r combinations can produce an endless 
variety of reactions, all classed as oxidation. When it comes to 
rocketry, however, a certain few elements, occurring; \n a wider 
variety of compounds, dominate the field. 

Oxidizers. — The element oxygen occurs in air as a naolecuJe 
of two oxygen atoms, written in the shorthand of chemistry as O... 
To concentrate this pure form of oxygen in a tank in sufficient 
quantity for usefulness in a non-airbreathing engine, it must be 
chilled down to below its boiling point, an extremely frigid 
-297^ p become a liquid. Anything kept at such extremely 
low temperatures is called crjogenic. Cryogenic oxidizers and re- 
ducers are both used widely in today's space programs. There are. 
however, ojher forms in which oxygen can be packaged for use 
aboard a rocket, which do not require deep cold. These are chem- 
ical compounds containing oxygen (that is, chemicak of which the 
smallest unit or molecule contains atoms of oxygen and other ele- 
ments). Two other elements besides oxygen can be used as oxi- 
dizers in pure or compound form: fluorine and chlorine. 

Reducers. — Any list of fuels or reducers must begin with the 
elements hydrogen, carbon, and nitrogen. Certain compounds of 
hydrogen and carbon called hydrocarbons, including coal and pe- 
troleum products like kerosene and gasoline, are the basic fuels of 
mlWem transportation and industry and are important in the space 
program as well. Nitrogen (inert as it occurs in atmosphere as N2 
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raojjcules but highly reactive jn other forms) figures importantly 
in explosive and other high-energy compounds and mixtures. It 
too plays a key role in rocket propulsion. Pure hydrogen, in the . 
form of molecules, is an excellent rocket fuel, but it is even 
more cryogenic than oxygen. To be tanked in liquid form, hydro- 
gen must be chilled to -423^ R, a bare 27^ above absolute zero.^ 
These are. the most important rocket fuel elements. Fuel com- 
pounds and mixtures^ based on these and others are epdless in 
number. 

< i» 

Propellant combinations.— It takes both an oxidizer and a re- 
ducer to propel a rocket. Both these ingredients are called pro- 
pellants, or their combination can be referred to in the singular 
as a propellant. In this text we shall adhere to this technical usage 
and not refer Xo the total ingrediwits of chemical propulsion as 
fuel. Such an expression as '*a pound of propellant" means so 
many ounces o{ fuel and so many ounces of oxidizer, whatever 
may 6e the proportions and regardless of whether these ingredi- 
ents are stored in one container or two. 

Ignoring for now the mechanics of liquid and solid systems, let 
OS consider three basic ways in which propellants are stored and 
*uscd (thercr are variations we need not consider at pjeSent): 

1. Oxidizer and fuel are kept m separate containers and fed into 
* a combustion chamber for ignition. Such •'a comSiilation is 

palled a bi-propeDwt, and is • the most common form of liqjiid 
propellant (Hg. 5). 

2. Oxidizer and fuel are stored together* as & solid mixture or 
compound in a container which also serves >as— ^combustion 
chamber. The mixture reacts only wheo-ppc^erly ignited. 

3. Oxidizer and* fuel are stored together as a liquid mixture or 
compound in a container and then fed together into a com- 
bustion chamber for ignition. This mixture is called a mono- 
propellant. 

Chenucally, even when oxidizer and reducer occur in a mixture, 
they are ^considered to be two. separate ingredients, but there is 
such a thing as a self-reacting compoimd« In such a compound, 
one molecule contains atoms of both oxidizer and reducer and, 
upon ignition, reacts with- itself,. yielding eijerar as it breaks down 
of decomposes. 

Let us return to fundamentals for a wbfle. 
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Nature and Effects of Oxidation 

" We have mentioned rusting of iron and blastoff of rocket as ex- 
treme examples of slow and fast oxidation. To understand the 
process a little better, let us look at a third example, a charcoal 
fire. Its main reaction occurs between carbon in the fuel and oxy- 
gen in the air to form molecules of carbon dioxide (CO^). in this 
process, a solid shrinks to ashes, but CO^, in the form of an in- 
visible gas, takes its place. Nothing is gained or lost in an oxida- 
tion. Hie total mass of all the ingredients involved in the reaction 
, remains the same before, during, and after, whatever the form, 
wherever it goes. This classic principle, called conservation of mass, 
is an important one for chemical propulsion. A chemical reaction, 
then, is a process neither of creating nor destroying matter but of 
reshuffling and recombining it. As a physical activity, this process 
can be described as that of molecules cltimping together to form 
larger molecules or splitting apart to form smaller molecules or 
atoms. 

A charcoal fire in a backyard grill, however, is not kindled for 
the sake^of producing carbon dioxide. It is the heat of this reaction 
that sizzles the steak. The physical activity we mentioned is a 
vigorous one. The heat of a chemical reaction is the effect of 
atoms and molecules being stirred into rapid vibration or motion. 




Figur* 5. Cutowoy modtl of o Thor-Agcno & rocket shows how oxidonts ond 
rcductrs or* stortd in o liquid*proptllont vohiclt. 
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If the vibration becomes rapid enough (faster than 10« cycles 
per second) the energy takes the form of visiblS light. Thus the 
charcoal fire has glowing coals and dancing flames. 

In rusting iron, "heat" is produced. That is, molecules are stirred 
by the process into vibrating with slightly increased speed, but the 
reaction is so slight that no thermometer can record it. In a space 
rocJcet, the reaction is swift and violent, producing thousands of 
degrees of temperature, brilliant light, loud noise (at lower alti- 
tudes where atmosphere is present— the reaction in space is 
silent), and, most important of all, /c?rce— that which moves mass. 
The energy effects differ, but they are all the results of one thing: 
the dance of the moleculesr-molecules vibrating, molecules 
swarming in helterskelter flight, molecules rushing in headlong 
flight. . V . 

At this point, let us switch to a more descriptive word: com- 
bustion instead of oxidation.. ActuaUy they mean the same thing, 
with a meaning that can be stretched to include the rusting of iron 
or th? digestion of food. In preferred usage, however, combustion 
means rapid oxidation, producing palpable heat, visible Ught, and 
usually, expansion of a liquid or solid into a gas. In short, it is fire. 

' There are, however, all kinds of Hre. Fires\ary widely in speed 
of reaction, from slow broil to sudden explosion. They vary 
means of ignition, and, above aU, in the forms and proportions 
of their energy output. To demonstrate this fact, let us look at a 
couple of fast, energetic fires. A photo flashbulb's contents can be 
ignited by a tiny l?ot wire and yield high energy in the form of 
sudden, brilliant light. This reaction, however, has a relatively 
low force output, not enough to burst the glass and plastifc con- 
tainer. By contrast, a small quantity of TNT, a high explosive, 
would yield muth OTater force but not so bright a flash. 

We might *consi^ TNT a bit further, since it might have some 
possibiUties as a rdckci propellant, for which force is paramount. 
It carries its own oxidizer supply, being a self-reacting compound 
of carbon, hydrogen, oxygen, and nitrogen (CtHsOcNs). TNT, 
for all its violence, is a sluggish reactor. The. hot wire that can 
trigger a flashbulb would have no effect on it; neither would a 
match. It requires the shock of another explosion to de^nate 
TNT. So far, so good; these qualities tend to make it s^ and 
sure. Its main drawback is the suddenness of its explosion: Once 
iVis properly triggered, it blows up aU at once, with equal and 
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shattering force in all directions. Unles^^^ diluted with other in- 
gredients, it would blow up a rocket rath^ than propel it. 

Let us now see how the energy of combustion can be har- 
nessed for a kind of work different from steak broiling, photog- 
raphy, or demolition. 

COjVlBtSriON FOR PROHl I-SION 

First let us consider the essential qualities of a good propellant, 
without regard to whether it is of the liquid or solid type. Then 
let us look at how chemical energy is translated into physical force 
in a combustion chamber. 

Qualities of a Good Propellant 

A propellant must have these four characteristics: (1) It must 
contain oxidizer as well as fuel; (2) it must ignite" accurately and 
reliably; (3) it must yield energy in the form of force; and (4) the 
force must be controllable. 

Need for packaged oxidizers. — Aside from propu{sion in space, 
where no free oxygen is available, there is another reason for 
putting oxidizer in a concentrated package — one which applies to 
operation in air as well as space and should be mentioned for its 
historical as well as present importance. An oxidizer-reducer mix- 
ture will burn forcibly in a confined or serrti'-confined space in 
which an airbreathing fire would be smothered. Men knew this 
fact for centuries without knowing the reason why, and exploited 
it long before airbreathing engines were ever imagined. Old- 
fashioned gunpowder or "black powder" needs no air to bum its 
carbon and sulphur fuel ingredients because it has an oxidizer 
built into a third ingredient, potassium nitrate* or saltpeter (KNO3). 
The ability of this mixture to propel a rocket or hurl a cannon 
ball out of an iron tube was known and employed in warfare cen- 
times before Lavoisier discovered oxygen and the principle of oxi- 
dation in the eighteenth century. To this day all chemical rocket 
propellants, all gun munitions, and all chemical e.xplosives, con- 
tain an oxidizer, bum in confinement, and do their work by burst- 
ing out of confinement or rushing out of semi-confinement. 
**Rushing out of semi-confinement" describes the essential rocket- 
propellant action. We repeat, however, that in a rocket propellant 
mixture, oxidizer outweighs fuel, perhaps on a grand average of 
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5:3. Because the cost of packaged oxidizer runs* high, the air- 
breathing engine enjoys , a tremendous weight ind economic ad- 
vantage in its proper environment. 

Ignition Characteristics— We have already noted that a mix- 
ture's speed of combustion, once it starts, is not necessarily in 
proportion to its sensitivity to ignition. What should be the trig- 
gering properties of a good propellant? Since there are various 
kinds of propellants, triggered in various ways, again we must 
think of essential requirements rather than specific reactions. As 
we noted in Chapter 1, precise ^tiation of thrust is an important 
requirement for) vehicle control; therefore the means of ignition 
must be accurate and reliable. Some motors are designed to be 
started but once and continue burning until all propellants are ex- 
hausted (burnout). Others are designed to be repeatedly stai;ted 
and stopped. Safety, of course, is paramount. This does not mean 
the ability of a propellant to stand up to any kind of rough or 
careless handling without igniting, but it does mean that its safety 
requirements should be known and feasible. Some propellants are 
ignitable the old-fashioned way, by a touch of heat on the order 
of a match flame or hot wire. Others require greater and more 
concentrated heat. Some require an explosive shock. Some are 
hypergolic; that is, under"" normal, temperatures^e oxidant and 
reducer burst into flame the instant they are brdi^t into contact 
with each other. This sounds touchy, but the main safety require- 
ment in this case is to keep the ingredients separated. 

Energy for force. — Not light, not heat for its own sake, but 
force is the result desired from a propellant's release of energy— 
the sheer momentum of moving molecules. What is desired is mass 
flow of combustion exhaust, but this mass can be no greater or 
less than the mass of ingredients before combustion. However 
much a designer might wish to lighten the propellant load aboard 
a vehicle, he must provide for a certain irreducible minimum of 
propellant weight, and as thing$ stand today in the present "state 
of the art,"-thkJoad alone is most of the initial weight of the 
.launch vehicle. The only way to get more force per load is to 
increase the speed of the mass flow; that is, to get more speed per 
.molecule. Therefore, it is better not to increase mass flow by 
means of heavier molecules .which are too sluggish. The ideal ex- 
haust gas consists of plenty of lightweight molecules, which excel 
in energy and speed. 
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Although we shall consider the pros and cons of other fuel- 
oxidant combinations, the above facts so far add up to an argu- 
n^ent on behalf of a fuel-rich hydrogen -oxygen mixture. You 
probably know that a fuel-rich mixture is bad for automobile per- 
formance because, with insufficient oxygen available to bum all 
the fuel, combustion is incomplete and unbumed waste goes out 
the exhaust pipe. In jet or rocket propulsion, however, unbumed 
molecules flying out the exhaust nozzle can be useful; if they are 
heated into swift motion, they actually add to the thrust. Some jet 
aircraft engines employ water injection for this very purpose.* A 
fuel-rich hydrogen-oxygen rocket propellant expels a quantity of 
extremely light unbumed hydrogen (HJ molecules along with 
the "burned" combustion product — water vapor (H^O). Even 
the H.>0 molecules are, light in comparison with a good many 
other combustion products; so the total exhaust is one of low 
average molecular weight and high specific impulse (a subject 
which will be discussed later in this chapter. 

Controllable force. — As we have already indicated, how- 
ever, the speed of the combustion should not be excessive. Fast 
but not too fast is the rule of thumb. If the ingredients are liquid, 
their flow into the combustion chamber c^ be regulated. If solid, 
the mixture should be of the type sometimes called "low explo- 
sive." Modem solid propellants are considerably more energetic 
than black powder, but they ^still must have the property of bum- 
iog so that each particle^ ignites its neighbor in a swiftly-spreading 
reaction rather than all ignite at once, as in a "high explosive" like 
dynamite or TNT. For propulsion efficiency (not to mention 
safety), impulse must be steady, not provided all at once. Let us 
look more closely now at the d5mamics of gas in confinement and 
escaping from confinement. 



It is characteristic of any gas, not necessarily a hot combustion 
gas, that its molecules fly about freely in a helter-skelter fashion. 
The reason for this random motion is that flying molecules are for- 
ever colliding with each other and bouncing away from these col- 
lisions. When a gas is enclosed in a container, molecules will 
bombard its walls on all sides with cq^al force, producing the 
effect we know as **pressure." 



*See Aeroipac« Education II. fropuhlon Systems for Aircraft, pue It. 



Pressure and Mass Flow 
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Gas pressure can be increased by adding more molecules (in- 
flating a tirc),^by reducing the size of a container (the compres- 
sion stroke of% piston in a cylinder), or, most of all, by heat, 
which makes the bullet-like molecules fly faster and hit harder. 

We have noted that molecules do not need to undergo com- 
bustion themselves to be invigorated by heat. In an external com- 
bustion engine such as a steam'engine, water is subject to an outside 
source of heat until it expands to a gas. Its energized H2O mole- 
cules then hammer away at the engine*s pistons in va$t numbers to 
provide the driving force. Any liquid or gas employed in this 
fashion but not combusted is called a working fluid. In Chapter 4, 
we shall leam that the most promising application of nuclear 
energy to rocket propulsipn employs the external combustion 
principle somewhat like a steam engine, using hydrogen as a 
working fluid. 

But this chapter's concern is with the internal combustion mo- 
tor, which employs the idea of creating a fire in a chamber and 
employing the expanding mass of its own combustion products 
directly. In the case of jet or rocket propulsion, this force is direct 
indeed — straight out the rear exit for direct thrust toward the 
front, according to Newton's third law. 

If you could see the individual molecules in action, however, 
you might wonder how direct this force really is. Figure 6 de- 
scribes what happens to one of them. It traces its adventures from 
the moment of its combustion to its departure past the exit plane 
of the exhaust nozzle. Newly created and loaded with energy, the 
molecule zips about within the chamber aimlessly at location A. It 
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beats madly at its prison walls, creating pressure. There is a way 
out of its prison, however, and the molecule is inevitably impelled 
in that direction along with a jostling crowd of its fellow mole- 
cules. We see it again at location B and again at location C. Note 
that its path continues to be erratic but less and less so — more zig 
and less zag, one might say. Finally, it escapes. The artist imagines 
that it executes one final "loop the loop" in farewell. 

This wandering molecule would seem to be going through a 
great deal of wasted motion and taking much too long to make its 
exit. Actually, it is making excellent progress. The whole journey 
is accomplished in a fraction of a second. More significantly, at each 
stage of the journey, it is traveling faster than before in the right 
direction. Futhermore, the greater the pregsur* in the chamber, 
the greater the velocity through the nozzle. It is its speed out the 
nozzle that counts most. The net result, accelerati(«9 is the es- 
sence of thrust. The mass of molecules is accelerating in respect to 
the motor, and the motor itself is moving. As long as, combustion 
is going on inside it, and mass flow is passing out the nozzle, the 
motor adds velocity to velocity and accelerates. 



BASIC ROCKET MOTOR DESIGN ^ 

The vessel in which the molecular action we have described 
takes place is a simple container with nozzle which might be called 
the basic rocket motor, regardless of whether it is of the liquid or 
solid propellant type. ♦ \ 

Orerall Desifo 

Look again at Figure 6 to consider the rocket motor*s essential 
shape. It is that of a bottle with a flaring neck, perhaps more like 
a flower vase than a bottle. Motors come in a variety of sizes and 
shapes, but this simple drawing can serve to show us the funda- 
mental design principle, which are as simple as ABC. A is the com- 
bustion chamber, which must contain the combustion, withstand 
its heat (more than 5,000*^F.), and build up pressure. B is the, 
bottleneck, the .constricted throat, which allows the exhaust its 



*The word mot&r Is defined as « power tmlt that imparts motion. The word enttn* It 
defined (Is comparison to motor) as a large or complicated power unit tb«t converu enerty 
into usable form. In our discussion » simplicity is the key. The two words often are used 
to mean the same thlnt* but It Is the practice to speak of solId*propeUaat rocket motors 
and liqtiid-propellant engines. In our discussion, the word "motor** is used to mean only the 
combustion chamber and nozzle* which are common to all rocktts. 
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one escape route but must be narrow to keep up the compres- 
sion. C is the nozzle,, which, by flaring outward, reduces the pres- 
sure and increases the speed of the escaping gas. In a typical 
rocket motor, escaping gas moves at sonic speed, about 3,000 fps 
at high temperature, through the throat and can reach speeds as 
high as 10,000 fps at the nozzle exit plane. The basic nozzle de- 
sign is converging-diverging, sometimes called the dc Laval nozzle, 
after Carl Gustav Patrik dc Laval, a Swedish engineer (1845- 
1913) who developed it as a means of speeding the flow of steam 
in a turbine engine. 

t 

More About the Nozzle 

The expansion ratio of a rocket nozzle is defined as the area 
of the nozzle exit plane divided by the area of the nozzle throat. 
The greater this expansion ratio, the higher the spcc^ of the pro- 
pcllant mass and the greatdr the thrust; but it is* not quite that 
simple. Here as in so many other aspects of rocket design, prob- 
lems arc encountered and compromises must be made. 

If the nozzle flares ojit'too widely, like the beU of a trumpet, 
the gases are aimed ou^ too widely for efficient reaction in the 
desired direction of thrust. This objection can be overcome by 
making the nozzle longer, thus achieving the same exit plane area, 
the same expansion ratio, within a narrower angle. Such a design, 
however, takes up too much length in the total vehicle structure, 
adds to dead weight and encroaches on space needed for tankage, 
engines, and payload. Then there is the matter of atmospheric 
pressure, sometimes called ambient pressure. This is the pressure 
of the air surrounding or encompassing the vehicle. In space, am- 
bient pressure is zero, but on the launching pad, where maximum 
thrust is desired, it is a big item. As the propellant gas rushes out 
the nozzle, it loses pressure even as it gains speed, these being the 
twin effects of the de Laval nozzle expansion principle. The opti- 
mum expansion ration for any altitude is that which produces gas 
pressure equal "to ambient pressure at the exit plane. If there is 
too much nozzle expansion,* ambient pressure crowds in and 
blocks mass flow. Too Uttle expansion means gas speed wiU not 
be amplified enough for maximum thrust. The design of a multi- 
stage vehicle, therefore, would call for a greater expansion ratio 
for each higher stage, since ambient pressure is lower where the 
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Upper stages go* to work.* Since each stage operates over a con- 
siderable range of altitudes, however, each nozzle design is a cona- 
promise. Look closely at Figure 7, and you will notice how m the 
upper stages, the noiri»i4s longer (and the exit plane area greater) 
in relation to the nozzle throat area. This means the nozzle expan- 
sion ratio increases for upper stage. 

The Laval design still holds its own in modem rocket motors, 
although efforts to modify and improve it are constantly going on 
Some of the possible variations are shown in Figure 8. The upper 
six drawings represent an elongated cone design and five varia- 
tions. The elongajcfl cone represents the concept of achieving a 
certain expansio^ ratio while aiming the gases, in a narrow path, 
but with the disadvantage mentioned. Nozzle and . overall length 
are stated as 100 percent for this design. In the variant desi^, 
by means of setting up complicated flow 'paths, the same expan- 




Rgur* 7. Scout miujU cutowoy thowt How nozxU design con vary from towtr to 
upper tt09*s of a muH^stt^t v«hrdtt. 



•Turbojet alrcnft enslocs have ttnUbt rvbex thiA 6c Lsnl-type oozzkt bectmc (hey 
■re destined exchnivetjr for use ta aanorpbcre to o y crcota e hisii leteb ot tob^Dt preM^ 
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Figvr* a. S€h«matic dfawing$ *how «v«ral difftftnt notzk d«»tgni and how th« 
npzzbs function to eoolrol th« thrvrting •xhaust ga»«i. 

dfawings suggest ways of adjusting the expansion ratio for dif- 
ferent altitudes. 



SOME BASICS OF THRUST 

Before getting into the differences between liquid and solid 
propulsipn, we must consider a few more asp^ of thrust in gen- 
eral. We shall be very sparing with mathemat^fe in this text, using 
only the simplest and best-known formulas. 
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What k Thnut? 

Thrust is stated as a 'sum in pounds, measuring 4he force de- 
livered by a rocket itage. Here ztfe some thrust figures relating to 
the smallest and largest members of the standard launqh vehicle 
family: 



Scout 

' First stage— «8,<X)0 lbs sea level 
Second suge — 61,000 lbs vacuum 
Third stage — 23,000 \bs vacuum 

. Fourth stage— 5,800 lbs vacuiun 



Saium V 
First stage— 7,650,000 lbs sea level 
Second stage— 1,140,000 lbs vacuum 
Third sUge— 200.000 lbs vacuum 



The figures are impressive, but \viiat do they mean? First, we 
must note that 88,000 pounds means 88,000 pounds force main- 
tained at any one instant, not over a time period. The rating can 
refer to an average thrust level maintained for the total burning 
time of the stage, but it sometimes can mean (particularly in the 
case of a first stage of "booster**) a maximum thrust level 
achieved shortly after liftoff. 

In calculating thrust, it is the usual practice to assume gravity at 
its full earth-surface value as a constant for the sake of direct 
comparison of motor performance of all stages, even thou^ 
gravity is actually weaker at levels where the upper stages op- 
crate. On the other hand, note that atmospheric pressure is not 
regarded as a constant; the above figures show ratings for sea- 
level and vacuum conditions. 

Thrust can be increased in either of two ways; by increasing 
the velocity of the exhaust; or by increasing its weight flow, 
which could be accomplished by increasing the size of the engine. 

Spcciflc Impube 

Specific injpulse (symbolized by the character I,p) is a measure 
of propellant ^nergy and is perhaps the most widely quoted figure 
in an of rocket technology.* We defined it in CJiaptcr 1 as a 
quantity, stated in seconds, representing the pouni of thrust 
delivered by one pound of propellant in one second Thus, if a 
booster bums 3,000 pounds of propellant per second and the \^ 
of the propellant is 300 seconds, the booster delivers 900,000 
pounds of thrust. Putting it another way, specific impulse is the 
number of seconds during which one pound of propellant would 

•Aa introduction to the tooccpt of tpedflc JmpoUe ctn be fourxl In the aE-TI booklet 
rnputttcm Smemu tn Atrcrtft 
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continue to deliver one pound of thrust, assuming it could be 
released that slowly. It is useful to state specific, impulse these 
two different ways because propellants have both hi^ and low- 
thrust uses, and thus specific impulse can have different mean- 
ings depending on application. 

In a low-thrust motor, specific impulse is comparable to auto- 
mobUe fuel mileage— a competition in which Volkswagens beat 
400 hp sport cars. In a high-thrust motor, however, it can mean 
extra speed. Theoretically, and all other things being equal, a 10 
percent increase in specific impulse can mean a 10 percent m- 
crease in a booster's marimum or burnout veloeity. The values are 
direcUy proportional. Although it is stated as a property of the 
propellant, specific impulse is actually a matter of both propellant 
chemistry and engine design. Because it is a parameter of both 
mileage and speed, it is the most meaningful yardstick of rocket 
performance, but it is not the only yardstick. 

Black powder has a specific impulse of about 70 to 100 sec- 
onds, inadequate for modem military or space rocketry. Modem 
soUd propellants range in specific impulse from about 200 to 300 
seconds. Modem liquid propeUant combinations range up to 400 
seconds and more. The theoretical limit of chemical propulsion 
was set at about 400 seconds not too many years ago, but this 
ceiling has already been broken and the current theoretical limit 
is now estimated at 600 seconds. At present it seems safe to say 
that to get above 800 seconds, only nonchemical methods could 
be used. Nuclear engmes under development may achieve 800 
to 2,000 seconds. Electric engines, in low-thrust operation, may 
achieve specific impulses up to perhaps 20,000 seconds and more, 
but let us reserve the matter of how and under what conditions 
for another chapter. 

Whatever is done to increase specific impulse of chemical pr^A> 
pellants, extravagance is a basic fact of hi^-thrust chemical rocka 
propulsion. Aviation, by the specific-impulse yardstick, dobs^ 
much better. The I^ ratmg of jet fuel in the large turbo fan engmes 
that power the current leading American-made transobeanic air- 
Imers is about 4,500 seconds. The comparison, of course, is un- 
fair for ;wo .reasons: (1) aircraft engines use free air for oxidizer 
and are I,p rated on fuel weight only, and (2) ahrlanes do not 
require the intense outpouring of energy in a few minutes; tune 
that is necessary to boost a space vehicle into orbit 
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Therefore, in c()nsidering launch and other high-thrusi require- 
ments, we can recognize performance yardsticks other than specific 
impulse. To accomplish these tasks, it is the volume of energy 
that counts — the number of pounds of propellant that can pour 
out their energy at once as much as the amount of energy per 
pound. Some relatively low-I,p systems do their work simply by 
using up propellants faster (which, as we shall see, is an advantage 
in itself). Such a system, furthermore, might compensate for this 
extravagance by economy factors that are in its favor. Some of 
these are cost of the pfopcUants, cost of the engine designed to use 
a given propellant mixture and difficulty of preparations for launch 
and countdown (a factor working against cryogenic propellants — 
the very ones that excel in specific impulse). Within the limits 
of any given equipment or situation, however, a gain in specific 
impulse is welcome. 

In considering the factors of specific impulse, we could get into 
some rather complicated technology and mathematics. Instead, let 
us. remember one aspect that tells not the whole story but, for 
our purposes, the most important part of it. specific impulse is 
dependent on the molecular weight of the products f9rmed when 
the fuel bums, and on the heat of the fire that bums it. 

Simply stated, the hotter the fire and the lighter the average 
molecular weight of the combustion products, the greater the 
specific impulse. Earlier we explained the desirability of a low 
value for molecular weight, the lighter the molecule, the faster 
its movement. 

High temperatxire and light molecular weight, however, do not 
always occur together. Consider again the value of a fuel-rich 
hydrogen-oxygen mixture, cited above as ideal. Uncombusted 
molecules in a mixture are extremely light, but uncombusted mole- 
cules of any weight also bring down the temperature. Imperfect 
fires simply do not bum as hot as perfect fires. An ideal jh'o- 
pellant mixture must be a compromise between maximum heat 
and minimum molecular weight that somehow balances out at 
maximum specific impulse for that particular combination. 



To conclude this chapter, let us consider the problem of getting 
a launch vehicle off the earth and into a space orbit or trajectory. 
Some of the ratios and values useful for understanding this prob- 
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lem are thrust-to-weight ratio,, mass ratio, gross-weight-to-paylo^ 
ratio, and change of velocity per stage. 

Imagine a tank truck with an engine so inefficient and .fuel- 
greedy that the entire contents of the tank are used to move the 
truck to a destination 100 miles away. The only payload this 
truck can carry is the men in the cab plus a few small parcels 
they might squeeze in with themselves. Uunch vehicles are that 
uneconomical. Most of their weight is in propeUants (comparable 
to the contents of the tank); a good deal of it is in structure, 
tankage, engines, and so forth (comparable to the truck with- 
out its cargo); and the payload is relatively quite small. There 
the fairness of the analogy ends.. A truck can get better mileage 
than that because its 100-mile destmation is not 100, miles straight 
up, against maximum gravity. (We use 100 miles as a round num- 
ber because that is roughly the minimum altitude for orbit.) 

Thnut-to-WeWit lUtlo— The Liftoff Problem 

Before it can begin to strive toyard the required velocity for 
orbit or escape, the launch vehicle must first get off the p-ound. 
In regard to this first problem thnjst-to-weight ratio is para- 
mount! If Saturn V weighs 6,500,000 pounds complete as it sits 
in the launchmg pad, and has a first-stage motor that delivers 
7,650,00 pounds of thrust, its thrust-to-weight ratio is 1.18 to 
l! Notice that in this r;atio the weight is that of the whole vehicle 
and the thrust is that of the first' stage only, because that is the 
only stage that works on the liftoff problem. The first rule of 
propulsion is a simple one: the thrust-to-weight ratio must be better 
than one-to-one: the first stage of a launch vehicle must be able to 
lift itself, and have, plus the had on its head, some lifting power to 
spare. 

But how can this 6,500,000-pound monster rise and gather 
speed toward orbital fh^t on a sUm margin of 1.18 to 1, which 
seems barely enough to lift it off the pad? Ut us look more closely 
at what happens. 

As the booster ignites, it does not immediately deliver its full 
rated thrust but spends a few seconds emitting seemingly useless 
noise, flame, and smoke before thrust is buOt up to the required 
level. Liftoff occurs at the moment when thrust has built some- 
what beyond 6,500,000 pounds. If the booster then delivered 

37 



-ERIC 



SPACE TSCHNOLOay 

thrust at its fulj rating for only a second or two longer, the ve- 
hicle would rise a short distance and then drop back onto the pad 
with a mighty crash. The booster, however, has a suffiicent pro- 
pellant supply to keep it burning and delivering a high level of 
thj^ for several minutes, and each second of combustion after 
liftoff accomplishes new gains. One is the mere fact that constant 
application of force means not just steady velocity but acceleration. 
The vehicle would rise faster and faster even if its weight re- 
mained constant. But its weight does not remain constant. Pro- 
pellants are consumed at the rate of about 28,000 pounds per 
second, so the load being lifted gets lighter and lighter, with 
dramatic further gain in acceleration. A minute or so after lift- 
off, the vehicle begins to lean from straight vertical rise toward 
a more horizontal flight path. As the vehicle climbs to higher al- 
titudes, two new gains are realized. The first is a decrease in 
atmospheric pressure— a double dividend, since it means both de- 
crease of air resistance ^o the vehicle and increase in effective 
exhaust flow velocity. . The second is the slow relaxing of the 
grip of gravity itself with distance from the earth. By now the 
booster has probably burned out, and the second stage can now 
go to work, building upon gains made by the first. Thus a low 
thrust-to-weight ratio is built into a velocity of thousands of miles 
per hour. 

Would a higher thrust-to-weight ratio, nevertheless, be an ad- 
vantage? A higher thrust-to-weight ratio would get the vehicle 
off the launching pad faster, but the ultimate velocity would not 
.necessarily be greater. One might infer that certain military mis- 
siles, used in situations where quick reaction counts, need a higher 
thrust-to-weight ratio than space-exploration vehicles^ which need 
high velocities but can reach them more gradually. 

In mathematical calculations related to this matter, the symbols 
Wj and Wo are used. Wi is the initial weight of the missile or 
launch vehicle. W^ is the weight of the vehicle after burnout 
of a stage. The difference is the weight loss due to propellant 
consumption. As we have noted, this is a very important index 
of velocity gain; but let us look a little further into this factor. 

Mass Ratio 

Miss Ratio is/the ratio of initial to final weight, expressed by 

W / 

. It can be calculated for a single stage rocket, or separately 
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for each stage of a multistage rocket, or it can be multiplied by 
stages to find a total mass ratio. For the first stage of such a 
rocket, W:;, the burnout weight, would represeat/ the total weight 
of all remaining stages, which would be payload for the first 
stage plus the burned out motors, structural members, empty* 
tanks, and other dead weight of the first stage before these are 
jettisoned. 

Mass ratip is often regarded as an index of the design engineer's 
problem of reducing deadweight to a minimum. A large missile, 
indeed, is not built for extreme ruggedness. An important reason 
why it must be launched straight up rather than on an incline 
toward its intended trajectory is that only in the upri^t position 
can it stand the stresses of launch. Several si?cs of launch vehicles 
arc used in the US space program^ (Fig. 9). Much progress 
'has been made and will be made m lightening the structure, 
connections, piping, tanks, and motors, either by making com- , 
ponents smaller or by finding lighter materials of adequate strength. 
Nevertheless, some dead weight is unavoidable. I-iquid propel- 
lants need tanks, and cryogenic propellants need heavily-insulated 
tanks. Solid pjopellants need a very tough combustion chamber 
casing. The bigger the payload, the more propellant needed. 
The more propellant, the more tankage or cpn& Dead ^eight 
and plenty of it is part of the cost of propulsion. , 

To illustrate mass ratio let us consider a^JiypQthetipw three- 
stage ICBM . designed to fire a 200-pound payloadover inter- 
continental distances. To simplify this ima^ary missile for pur- 
poses of illustration, let us assume that each of its three stages 
has a mass ratio of 3.5 to 1. From Figure 10, you can sec that 
a 227,500-pound vehicle is requu-ed to fire the 200-pound pay- 
load th^ required distance. Read Figure 10 fi:om the bottom 
up— the order in which the missile is constructed and fired. 
The gross-weight-to-payload ratio of this missile is 227,500 to 
200,' or 1135 to 1. The total mass ratio, however, is calculated 
differently by multiplying the individual mass ratios as follows: 

• 3.5 3.5 3.5 _ 42.88 

-p X -y X , - 1 

Is a high mass ratio good or bad? For the time being, let us 
consider it as pure asset For one thing, it mi^t reflect reduced 
dead weight. For another, it could mean greater weight loss 
through rapid propellant consumption. This means higher and 
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Figure 9. The jcvirrent family of space boosters now m use is uiown in this drawing. 
Different space missions require different sized boosters. Thty "family is adequate 
for ail current needs. 



higher acceleration because of more and more t})hist behind less 
and less load. In the matter of high thruf.t v/emis high gravity — 
the launch phase — it is hard to find a n^ore important factor 
than inflight weight loss due to propellaiTTconsumption. 
^Mass ratio, however, is a tricky figure, which only an expert 
can^valuate properly. A higher mass ratio can reflect profit 
or loss depending on what aspect of the problem is being con- 
sidered. Reducing dead weight results in a desirable increase 
in mass ratio. If the profit is consumed by increased payload, how- 
ever, mass ratio m^ght remain the same or be lowered. An in- 
crease in specific impulse, as we have indicated, would similarly 
balance mass ratio or possibly even lower it, for more energy 
per pound means a lower rate of propellant consumption. 
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Gros»-WeJjSit-To.P«yIo»d Ratio 

Gross-weight-to-payload ratios of the earUest US satellite launch 
vehicles of 1957-59 were on the order of 1100 to 1 or higher. 
For a comparison, consider Scout. Currently the smaUest member 
of the DOD-NASA launch vehicle family. Scout is a highly-re- 
garded specialist -in scientific research in both Government- and 
university-sponsored project. It is a compact,' sUm, all-soUd, pro- 
peUant vehicle 72 feet taU. 39.600 pounds, and it can put a 300 
pound payload into a 300 nm orbit. The gross-weight-to-payload 
ratio in this case is 132 to 1. and it would be somewhat lower if 
calculated for a 100 nm orbit. Obviously the lowering of this raUo 
is an index of the great progress that has been made smcc 1958. 



■lint 



^WbBt Rounds 



v«iiicle wS^it «t cn^ne c 



cutoff 



10 A .DOC boo,t.r l» con.truct.d from th. bottom up in word-and. 
& how much of .och .tos. I. r.cuir.d for propellent, d.od 



w«ight, and payload. 
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It is the policy of either a military or civil space program to 
use the smallest vehicle possible for a given payload. Scout gets 
much use, because many useful scientific observations can be 
made by satellites weighing 300 pounds or less. "Do not use a 
Saturn when Scout can do the job" is sound economic, reasoning. 
However, when gross-welght-to-payload is the efficiency yard- 
stick. Scout does not measure up to some of its big brothers. The 
300,000-pound Atlas-Centaur vehicle (Fig. 11), for instance, can 
put 9,900 pounds into 300 nm orbit, a ratio of 30.3 to 1. 
Even for moon or interplanetary projects. Atlas Centaur can put 
2,700 pounds into escape trajectory — 111 to 1. The most "effi- 
cient" vehicle of the current lot according to available information, 
is the largest. That fascinating monster, Saturn V, all 6,500,000 
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Figuro 12. Th« Saturn launch vtWcfts art vtry largt, but ar« quit, •ffidtnt. Th« 
grois wtight to payload ratio of th« Saturn v«hiel«$ i$ imprtiiW. and thtir p«r- 
• formanc* rtcord outitandlng. \ 

pounds oLjt, looks like something designed to accomplish its 
task by shew>ulk rather than efficiency (Rg. 12); but its gross* 
w^ight-to-payload ratios are unbelievably low; 21.4 to 1 for 100 
nm orWf (285,000 pounds) and 65 to 1 for moon trajectory 
(96,7Mrpounds). 

ymt the above comparisons seems to mdicate is that, other 
thin J bemg equal (which they never are), there is a certam m- 
herent advantage m sheer mass of propellants. By other stand- 
ards, however, gross-weight-to-payload may be an unfair yard- 
stick too. Little Scout is still a remarkable performer for its size.* 



•^fr^ nf th« Scout*! MooArent dl»idwju«e by the tto»-wcitht-to-ptylo»d rttflUard i« 
J^'LX ^it BT^d^o^um.. which h.« '<»'«^5,i"'?''«, 

^mtT^ IIooU orooeltanu med In tbt bl«er boo«tn». A» we have Indlcited, however. » 

iSS^ch in ptopeUant. are coMumed. Scoufi "hnm-to-weltht ratio. lncW«^ 

M ooBniii (K 2.3 to t— much U«hei than Satum V» t.tl to t. The hlth densltr or 

SuJ ^^a^i. VthTtlla^fite of thU mi-He. It welih. more than It appeut 
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Velocity Gain (AY) 



What do all these ratios and measurements add up to? In one 
way or another, all add up to velocity gain — AV (delta V). For 
any stage of a launch vehicle, the difference between its initial ve- 
locity and its velocity at the burnout dt cutoff of a stage is indi- 
cated by these symbols. If the first stage of a rocket reaches a 
velocity of 10,000 feet per second, its AV from zero is 10,000 fps. 
if the second stage, already traveling at 10,000 fps, is capable 
of the same AV, then what remains of the vehicle will be traveling 
at 20,000 fps by the time the second stage reaches burnout. 
Assuming a third stage capable of adding another AV of 10,000 
fps, we have a vehicle capable of going into orbit at any altitude 
up to well over 1,000 miles with propellant to spare. (We are, 
of course, merely using round numbers in this example, not 
describing any actual vehicle's performance.) We shall not go into 
any particulars here about required velocities, orbits, or trajec- 
tories, which will be discussed in a later chapter. All we are doing 
here is describing the main task of propulsion, that of building the 
velocity of one stage upon that of the previous one and thus to 
"inject" the vehicle into a required orbit or trajectory. Mathe- 
matically, it can be stated as simply as V^ ~ Vi = AV (where 
Vi - spacecraft velocity just prior to combustion of the stage in 
question, and Vo = velocity at burnout of the stage). Translating 
all the weight and thrust factorwve have discussed, plus others 
into aV' is a very complicated procedure. Slide rules are good 
enough for rough estimates; precise calculation is a task for com- 
puters. 

ThoKfact remains that in actual performance, a multistage rocket 
is capable of coming very near to this theoretical ability to add 
velocity to velocity without loss. Smooth, reliable performance 
makes the task possible. The engines must burn out or be cut off 
precisely. The instant thrust is terminated, the dead weight of the 
exhausted stage must be detached and jettisoned without delay. 
Ignition of the next stage — instant thrust — must also be foolproof. 
If everything occurs in the proper sequence with quick timing, 
theii old Vj becomes new Vj with negligible loss. When the re- 
quired velocity is reached, precise cutoff again is necessary or 
the vehicle will go into a higher orbit than planned. 
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SUMMARY 

Escape into space is a miracle of the past decade, but it is 
accomplished by means of the most classic and commonplace of 
chemical reactions — that between an oxidant and a reducer or 
fuel, called oxidation. 

Since a rocket is not an airbreathing motor, it must carry its 
oxidant in packaged form. One way to do this is to chill oxygen 
(O2) to a liquid, at a temperature below -297'' F. One of 
the best fuels in rocketry, hydrogen, is also a cryogenic gas and 
must be chilled to -423"" F. before it can be tanked for usage. 
Other oxidant-reducer propellant combinations, however, can be 
stored and used at normal temperatures in chemical compound* 
form. Liquids can be kept in separate tanks for feeding into a 
combustion chamber, or even mixed and stored together before 
feeding into the combustion chamber. In the case of solids, the 
ingredients are also mixed, and the storage container and com- 
bustion chamber arf one. Usually, oxidizer and reducer are dif- 
ferent compounds. But there is such a thing as a self-reacting 
compound containinir both oxidizer and reducer within its own 
molecular structure and capable of decomposing to yield energy. 
^ In a chemical reaction, matter is neither destroyed nor created 
but simply shifts around to form new combinations. The mole- 
cules involved in this shifting around may do so slowly and 
quietly, but often they are stirred into vigorous motion and 
thus produce the effects we know as heat, light, and physical 
force. Any oxidization rapid and energetic enough to yield heat 
and light is called combustion or, simply, fire. For propulsion, 
physical force is the desired energy yield. A propellant mixture, 
therefore, must have these four characteristics: ' 

1. It must contain oxidizer as well as fuel, not only because it 
is to be employed in space, but also because it must be able 
to bum in confinement. 

2. It can be ignitable in a variety of ways, but whatever^Jhe 
method, it must be precise, reliable, and reasonably safe. ^ 

3. It mmt yield energy in the form of force, achieved by volume 
and speed of flow of combustion exhaust, and preferably by 
means of a mixture of molecules of low average weight. Even 
unbul^ned hydrogen molecules contribute to thrust because of 
their lightness. ^ 
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4. It must produce controllable force. Flow of liquids into a 
combustion chamber can be regulated. Burning of a solid can 
be controlled if it is a low rather than high explosive. ^ 

In a combustion chamber, molecules are stirred by the heat 
of combustion into frenzied helter-skelter motion, beating at the 
walls of the chamber to produce the effect of pressure. The 
motion of a molecule becomes less erratic and more direct as it 
moves along its one possible avenue of escape, through the 
throat and exit nozzle. The essential feature of the rocket motor 
design is the convergent-divergent nature of the throat and noz- 
zle. The throat must be narrow to keep up the pressure; the 
nozzle ^must flare outward to speed the exhaust gases by ex- 
pansioa It is called the de Laval nozzle after the Swedish engi- 
neer who discovered the principle. Numerous design problems 
affea the de Laval nozzle as applied to space rocketry, especially 
in regard to atmospheric pressure or the lack thereof at different 
altitudes. 

Thrust can be computed by a formula that includes flow of 
exhaust by weight and effective velocity against the force of 
gravity. The effective velocity of the exhaust flow in turn breaks 
down^into a consideration of de Laval nozzle principles — area 
of nozzle at exit plane, pressure of exhaust at exit plane, and 
ambient atmospheric pressure, if any. 

Specific impulse (pounds fojce per pound of propcllant per sec- 
ond) is one of the most meaningful yardsticks in space propulsion. 
As a measurt^of propulsion energy per pound of propeUant, it 
can be a measure of either economy or velocity, depending on how 
applied. Important factors in determining specific impulse are tem- 
perature of combustion cjiamber and lightness of average mole- 
cular wei^t of the combustion exhaust. 

Thrust and velocity at launch can be understood in the light 
of one peculiar fact — that most of the gross wei^t of a launch ve- 
hicle as it sits on the launching pad is in propellants, and that.ttie 
advantage of rapid combustion of these propellants is not only in 
fi^e energy yield but also in the wel^t loss. 

Fbi^this reason, a seemingly sAall thrust-to- we i^t ratio (first- 
stagi;t pounds thrust over gross \4i^t in pounds) such as 1.18 
to 1 can give a mammoth booster Mke Saturn V a good head start 
mto space because after liftoff the bboster accelerates a lifter and 
li^lfer load. Mass ratio (wei^t of a vehicle before ignition and 
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after burnout of a stage— the latter including deadweight plus pay- 
toad) is a more direct measure of weight loss through propellant 
consumpUon, but it is a figure to be evaluated carefully by experts 
rather than used as a direct index of propulsion efficiency. Gross- 
wd^t-to-payload is a better index of efficiency, but.it too must 
be r^arded with cauUon. Space rocketry has come a long way 
since the llOO-to^l and higher gross-weigbt-to-payload ratio of 
early launch vehicles. Current figures are much lower, they also 
seem to indicate a certain advantage for extremely large vehicles 
like Saturn V. 

These and other parameters, aU taken together in a calculaUon 
too complex for a slide rule and necessitating a computer, deter- 
mine that magic figure "aV," change in velocity. Each stage of a 
launch vehicle adds its own acquired velocity to that of the pre- 
ceding stage— an^operaUon that demands smooth, reUable perform- 
ance in detaching the old stage and firing the new. 

WORDS AND PHRASES TO REMEMBER 

acceleration ' ■ 

ambient pressure ratio 

blpropellant ' monopropellant 

burnout 

combustion 

conservation. of mass oxidaUon 

cryogenic f °^<^' 

de Laval nozzle - propellant 

cnmie* reducer 

expansion ratio second of specific impulse 

hypcrgolic self-reacting compound 

working fluid 



QrESTIONS 

1. Why Is H facorrtcf to speak of (be total of a combustloD for 
rocket propolsJon as "foeir 

2. What Is meant by "conservatioQ of massT 

3. What are (be two mate reasons why a packaged oxidizer U required for 
space propolsloo? 
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^Jntenol combnsdoQ entfase? What an the adrantafes of a ftieWch 
njarofui-oxygca miztxzre In rocket propahkn? 

5. Ezplaki tke cooTcrfkc^liTerffec or d« Laral noxrie principle. 
€. Deffee tpedfk ixnpalae. 

7. Why can a ratber imaD timist-to-weljirt ratio be adequate for nnt*ftar 
boott? 

W 

S. What h tbe ratk) calkdr Explaki tke meankigg of Wj and W^* 

f . Compare tbe po«>weitfat*to^jtoad ratios of tbe Vaocnard I booiter. 
Scoot, aad Saturn V. 



1 See if you can find out how cffidcntiy rocket fuel i* burned before its 
gases exhaust Discuss whether the rocket engines now in use would be 
ficcqnable for aircraft or surftce propulsion under current environmental 
protection laws. s 

2, Research into materials is a big part of space research. Find out how this 
kind of research is affecting the requirements of combustion in rocket 
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Chapter 3 

Chemical Propulsion Systenis < 



■. ''m\i:. CHkhBt- mtHt -from 4ht tSfle ftinia#-'qf oil, ioA,*t '^T* 2 

^^m.^taf i <t«aa>iri. M«aiqntcbl choroa«iUnP rf yfid-™^ ■ 
.iiaA^di'i^' ij^nfiMw--*?*'--!* W-^r^' 

There are two main categories of chemical propulsion sys- 
tems: solid propellant and liquid propellant. The latter would in- 
clude all mternal combustion engines in the history of transporta- 
uon since the inventions of the automobile and airplane. When we 
limit our -topic to space launch vehicles, however, solid and liquid 
systems compete ^on a more equal basis. Each has its own mechani- 
cal features and propulsion capabilities. 

SOLID-PROPEI.l>ANT SYSTEMS 

Solid-propellant systems are considered first for two reasons: 
their simplicity, and the fact that they came first histoncally. A 
brief review of the history of solid rocket propulsion is of interest. 
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HistorioU Backfroond. y ^ 

Space vehicles are not the outgrowth of air trans]X)rtation. They 
are, rather, the offspring of weapons of war. Inde^ the history of 
solid-propellant rocketry is as old as that of gunpowder itself, and 
older than that of small firearms or artiUery. Incendiary rockets 
were used in warfare by the Chinese back in medieval if not ancient 
times, and there is little doubt that the propeUant used to hurl 
these *'fire arrows" into enemy ranks was the familiar mixture off 
saltpeter, charcoal, and sulphur known as "black powder."* When^ 
black powder was introduced in Europe about the early four- 
teenth century, its first military use was the same as that of the 
Chinese — as a propeUant for incendiary rockets. It was not long, 
however, before the development of firearms and artillery provided 
other uses for black powder and shoved rocketry into the back- 
ground. For centuries, while black powder as a gun propeUant 
served as the sole munition of warfare and -changed the course of 
world history, rockets were virtually reduced to toy status. They 
were used for fireworks displays, and they were made in the 
familiar style, cardboard tubes filled with black powder, with 
wooden guide sticks attached. 

A good, lively black powder mixture for artillery purposes in 
the eighteenth century consisted of 75 percent saltpeter, and 12 
or 13 percent each of charcoal and sulphur. The principle of oxi- 
dation was not understood at that time, but it was known that 
the saltpeter (the oxidant source) was the ingredient to emphasize 
for higher burning speed and energy yield. The fireworks makers 
of the time prudently put a slower-burning mixture into their 
flimsy rockets — less saltpeter and more of the other ingredients. 

A brief revival of interest in military rocketry occurred during 
the early nineteenth century. A British artillery Officer, Col. 
William Congreve, developed rockets that were used in the Na- 
poleonic Wars and against the United States in the War of 1812. 
Congreve made his rockets larger and stronger than any known 
before. His use of metal in their construction as well as in the 
launching tubes in turn permitted the use of a more energetic 
propeUant mixture than the paper fireworks rockets allowed. 
Equipped with both incendiary and explosive warheads, Con- 
nor "gunpowder " The term "btack powder" u preferred because in mod^em usate 
"gunpowder" i* \oosc\y used to describe almost an> jtun prope4lant mixture, whether powdery 
fn cormitency or not 
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greve's rockets achieved ranges up to 3,000 yards. Their en- 
thusiastic sponsor called them "the soul of artillery wi^thout the 
body." The effectiveness of Congreve's rockets, however, was 
questionable. Some 20,000 incendiary rockets hurled into Copen- 
hagen by British warships in 1807 virtually burned that city to 
the ground. On the other hand, explosive-armed rockets used in 
the bombardment of Fort McMenry, Maryland, in 1814 failed 
to conquer the fort and provided inspiration for the lines . . 
the rockets' red glare/the bombs bursting in air" in our National 
Anthem. 

In the nineteenth cenUiry, rocketry gradually receded into the 
background again. Rockets were developed as signaling devices 
and for the firing of lifelines in maritime rescue work, but the 
dramatic advances were in gun technology, both small arms and 
artillery. The nineteenth century indeed must even now be ac- 
counted as the century of greatest advance in these fields. It saw 
the introduction of rifled barrels, breech loading, stronger and 
lighter steels, and— before the end of the century— cannon re- 
coil brakes, semiautomatic small arms, and machine guns. It also 
saw the development of high explosives and improved gun pro- 
^llants, which spelled the end of the five-century era of black 
powder. With all these developments going on, neither military 
planners nor space dreamers paid much attention to rockets. The 
famed nineteenth century French science fiction writer, Jules 
Verne, could imagine only a giant cannon as a* means of pro- 
pelling a vehicle to the moon. As a military weapon, rockets had 
very limited use in World War I (1914-18), the war which awoke 
the world to the realities of airpower. 

From the standpoint of future rocket development, the most 
important of the above nineteenth century advances was in the 
field 'SFSmmunition. First came high explosives like nitroglycerine, 
TNT, dynamTTe, and nitrocellulose (cotton soaked in nitric acid, 
also called ^^guncotton"). Early experiments with these substances 
as gun propellants resulted in disastrous failures; the guns blew 
up.* Finally the ideal gun propellant was discovered to be a mix- 
. ture of nitrogycerin and nitrocellulsose damped down by small 
amounts of other ingredients. It was much more energetic than 
black powder, yet was safe for . use in guns; 'furthermore it burned 
much more- cleanly than black powder and became known as 
"smokeless powder," though it was of solid semi-rigid consistency. 
More technically, this kind of gun propellant was known as 
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"double based" because of the fact that it contained two explo- 
sives — each a co^lbined oxidizer and reducer or self-reacting 
compound. It was also called "cordite." Ultimately the nitro- 
glycerin-nitrocellulose or double-based ammunitions provided the 
means for' a revival of rocketry, where they are still widely used. 

Concerted efforts to develop military rockets with double-based 
propellants did not begin until the middle 1930s. With the out- 
break of World War II came a resurgence of rocketry in the armed 
forces of combatant nations on both sides, all using double-based 
propellant systems with some variations in the chemical proportions. 
Multiple rocket launchers on ships were used in shore bombard- 
ment, aircraft were armed with rockets for air-to-ground and air- 
to-air use, and surface-launched rockets were developed as sub- 
stitutes for mortars and artillery pieces. The famed bazooka, a 
US infantry weapon, was a light, portable rocket launcher, fired 
from a man's shoulder, that gave a two man team some of the 
firepower of a crew-served light artillery piece. There were, how- 
ever, no dramatic long range uses of solid rocket propulsion in 
World War II such as the famed German V-2 rocket (liquid 
propellent). , ^ ; 

Since World War II, development of military uses of solid-pro- 
pcH^t rockets has continued apace, radically changing the nature 
of w^are at all levels and in all military services — land, sea, 
or air! The variety of solid- propellent missiles and rockets ranges 
from the 2.75-inch Mighty Mouse to the Intercontinental Minute- 
man III and Poseidon. Improved solid propellant mixtures have 
also been developed. In the field of space exploration, solid pro- 
pulsion has lagged behind liquid propulsion, but it is now be- 
ginning to catch up. It is still generally lower In specific impulse 
than liquid propulsion, but has certain practical advantages to off- 
set this drawback. 

f Solid Propellants 

As useckin modem missiles and space boosters, solid propel- 
lants have certaiTi^-chemical and physical properties. 

Chemical Properties — Fuels used in solid propellants are as- 
ph*alts, waxes, oils, plastics, metals, rubbers,^ and resins. Their 
oxidizers are often common nitrates and perchlorates. A look 
at the contents of a typical . double-based propellant will tell us 
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much about what the requirements fo 
peQant are: 



modem rocket pro- 



Component 

Nitrocellulose 
Nitroglycerine 
Diethyl phthalatc 
Potassium niurate 
Dipbenylamine 
Nigrosine dye 
Other 



Percentage of total 

51.38 
43.38 

3.09 

1.45 

(r,07 

0.10 
0.53 



Function 

Propeilant 

Propellant 

Plasticizcr 

Flash depressor 

Stabilizer 

Opacifier 



The first two items on the above list are the active ingredients — 
two propellant compounds, each containing both oxidizer and re- 
ducer. The remainder of the mixture, about 5 percent of the total, 
consists mostly of additives which, though small in quantity, are 
very important m function. The plasticizcr helps give the propel- 
lent mixture the proper body and consistency (physical properties 
arc discussed below). The flash depressor cools the exhaust gases 
before they escape into the atmosphere, preventing a burning tail 
effect and saving some wear and tear on the nozzle. The stabilizer 
reduces the tendency of the propellant mass to absorb moisture 
during storage. The opadfier is extremely important for both 
safety and thrust control. The opacifier makes the fuel opaque, 
which m this case means impervious to the radiant energy of heat. 
The opacifier keeps the heat of the burning propellant confined 
to the propUant's exposed edges. Without this ingredient, the 
heat might radiate into the interior of the propellant mass, causing 
it to ignite internally and blow up. 

Other solid propellant combinations may not contain these par- 
ticular additives in these proportions, but they must have the 
properties which these additives supply. 

Mfcre typical of today's solid propellants are composites in 
which the fuel and oxidant are two different compounds. Usually 
the oxidant is crystalline in form and is imbedded in the fuel base. 
Specific impulses of a double-based and several composite propel- 
lants are as follows: • 



Fuel 
Asphalt 

Nitrocellulose and 
Nitroglycerine 
Polyuretbane 
Boron 

Metallic hydride 



Oxidizer 

Potassium perchlorate 

(same as fuel) 
Ammonium perchlorate 
Ammonium perchlorate 
Fluoride/ 



Specific Impulse 
200 . 

240 
245 
270 
300 
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Currently, the most widely used of the above in 3pace applica- 
tions is the polyurethane and ammonium perchlorate combination. 
The last two items on the list are still under development. Nu- 
merous other combinations are the subject of test and experiment 
in the search for the ideal solid propellant— one that would com- 
bine the storability and ease of handling of today's most common 
solids with a higher specific impulse. Certain disadvantages must 
be overcome. Various fluorides excel as oxidizers but are unstable 
and corrosive. Certain metallic fuels are high in specific impulse, 
and recent progress has been made in controlling the abrasive 
effect of their exhaust flow on rocket motor nozzles. These fuels 
include tetraformal trisazine (TFTA) and aluminum or boron, 
using red fuming nitric acid or nitrogen tetroxide as oxidizers. 

Physical properties.— In a solid rocket motor, the propellant 
substance is molded into its motor and casing as a single solid 
mass, called a grain, the shape and consistency of which deter- 
mines its burning properties. Grains up to 260 inches in diameter 
(Fig. 13) have been manufactured and tested for use as major 
boosters in the space program. These large boosters are manu- 
factured and shipped as separate cross-sectional segments, which 
are assembled end to end into a giant motor at the testing or 
launching site. 

The polyurethane fuel base of the most common solid fuel mix- 
ture is a type of synthetic rubber. Despite the fact that it is out- 
weighed by the perchlorate crystals imbedded in it, it maintains the 
same consistency* about that of tire rubber. Various other rocket 
propellants have similar plastic consistencies. It is very important 
that this consistency be even and free from internal bubbles or sur- 
• face cracks, which might expose more burning surface than in- 

^ tended with resultant danger of erratic burning or explosion. The 

casing into which the grain is molded must, of course, be tough 
and heat resistant. A lining material is used as an insulator, and the 
case itself is made of varipus materials such as special steels, titan- 
ium, and fiberglass. 

Motor DtslKn— Greln SJuipc and Thrust Control 

Piobert's Law states that the flame front of a burning solid pro- 
pellant always eats its way into the mass in a direction perpendicu- 
lar to the surface. No matter how large or small this burning sur- 
face may be, furthermore, the flame eats its way into it at a fixed 
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Figurt 13. Solid-prop«ltant bootftrs with grains at big as this ont hav« b—n us*d 
in th* %pac^ program. 

burning rajje!* For example, a typical double-based propellant has 
a burning rate of about 0.40 inch per second; a dense polyure- 
thane composite bums at 0.22 inch per second. Therefore, die 
main way to increase or decrease fire intensity or thrust of a given 
propellant is to increase or decrease the amount of burning surface 
exposed. h» ^ 
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A grain could be a solid cylinder enclosed in a motor so that its 
burning surface would be only the exposed end. If ignited at this 
exposed end, the grain would burn straight back, cigarette fashion. 
The grain would bum back at a fixed rate of speed, and the same 
amount of burning surface would continue to be exposed. Thus 
the burning rate would be steady, or neutral, and such a rocket 
motor would deliver a low but constant level of thrust for a pre- 
dictable length of time based on the length of the grain. 

Suppose that a hole is bored into this cylindrical grain for the 
length of the grain, and the grain ignited from within the hole. The 
flame would instantly spread the length of this hole, and-burnmg 
would then progress from the inside toward the outer casing. The 
length of time from ignition to burnout would be based on the 
propellant grain's burning rate and its cross-sectional measure- 
ment. Thus if the grain had a total diameter of three f^et and the 
hollow core had a diameter of one foot, the grain thickness from 
core to casing would be 12 inches. If the burning rate of this grain 
were 0.25 inch per second, the total burning time would be 48 
seconds. As the fire burned, the hole would grow larger and 
larger; more and more* burning surface would thus be exposed, 
and the fire and thrust would steadily increase right up to the mo- 
ment of burnout. This would be an example of a progressive 
burning grain. 

Typical grains do not have a smooth hollow core. Instead, they 
have hollow cores cast in various cross-sectional designs suggest- 
ing stars, gears, crosses, or other complex shapes (Fig. 14). In this 
way a Jarge amount of burning surface is exposed at the instant of 
ignition. The design can be such that the core continues to keep 
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Fj^ure 15. Lengthwise cross section of a solid-propellant motor gives a good idea 
of how the motor is designed. 

the same amount of burning surface exposed — a neutral design 
yielding a high and constant amount of thrust. Variations in the 
design can j)roduce either greater or lesser amounts of burning sur- 
face as the fire eats into the grain. ..The latter is called regressive 
burning, which, can be useful when maximum thrust is needed at 
liftoff but a lower rate of thrust is desired thereafter. Sometimes the 
thrust pattern can be controlled by using layers of different pro- 
pellant compositions with different burning rates and specific im- 
pulses. Painting certain surfaces of the grain with a heat resistant 
compound and leaving others free is another method of control. 

Thus thrust control of soiid-propellant rockets is accomplished 
by gain and motor construction. A solid-propellant motor cannot 
be regulated in flight by controlling propellant flow with a valve 
or throttle the way liquid systems from automobiles to space rock- 
ets are controlled. A solid motor's performance is programmed in 
advance at the factory, with a built-in time-thrust curve described 
as neutral, progressive, or regressive determined by the chemical 
composition and the size and shape of the grain. 

The grain and its container, plus the nozzle, constitute the solid 
rocket motor (Fig. 15). Thus little need be said about its mechani- 
cal features. The motor, occupying the entire length of a stage, 
cannot be tilted or swiveled for thrust vector cootrol; therefore, the 
nozzle must be made flexible or rotatable for this purpose. Figure 
16 shows the nozzle of .a big solid-propellant motor. Other means 
of steering are gas jets, deflecting vanes, or pivoted ring-shaped 
jetavators in the exhaust path (See Chapter 5). Equally important 
for accurate ballistic or orbital flight is precise thrust termination. 
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Although the grain has a known burning rate and lifetime, it docs 
not burn out with split-second accuracy. Two means by which to 
achieve precise thrust termination are blowing off the nozzle to 
extinguish the fire by abrupt pressure drop, or suddenly Viilvmg 
some of the exhaust forward. 

Applications of Solid Propulsion 

The solid-propellunt rocket dominates the miluai> tidC^indefi- 
nite storability and instant readiness for use are its rViain virtues 
from the military point of view. A solid-propellant rocket or mis- 
sile is like a loajled rifle that can rest on a rack for a year or more, 
yet be taken down and fired in an instant. No elaborate prepara- 
tions or countdown are necessar> to launch a sondxgropelJant 
Minuteman or Poseidon toward a target thousands of miles away. 
Numerous smaller rockets and missiles used in tactical air or groind 
combat are capable of much speedier reaction. In the space pro- 
gram, too, solid propulsion has many advantages. Motors up uTN 
22 feet in diameter and 60 feet in length (Fig. 16) and gener^ 
a'ting 3.5 million pounds of thrust have been developed. Al- 
though solid propellants are currently lower than liquids in specific 
impulse, they have the advantage of simplicity, compactness, and 
high burning rate and can achieve high thrust through sheer 
volume of output. 

In the current NASA family of launch vehicles, the. Scout is 
notable for being solid-propellant in all four of its stages. Since the 
Scout is designed as a launcher of small scientific payloads, the 
fouj;ih and smallest of its stages is, of particular interest, for it dem- 
onstrates the fact that solid motors are capable of precision as 
well as power, Other solid motors used in NASA programs include 
the thrust augmentors sometimes attached to the first stages of the 
Thor-Delta. Each of these motors generates about 61,000 pounds 
of thrust, and three ard generally used to augment the thrust of^ 
eitj^er launch vehicle fof either larger payloads or escape velocity.^ 
The third stage of the Thor-Delta is also solid, as is the fourth 
stage of the Scout. 

The largest solid boosters currently in use in US space programs 
are the two strap-on boosters of the Air Force's Titan II IC. Each 
of these is made in five segments and adds more than a million 
pounds of thrust to the vehicle. 
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Figure U. A giant salid^p?aptllant malar In the test pit, its nazzle painted skyward 

Liquid-propellant systems currently are the prime means of pro- 
pulsion into space and in space. Their two main advantages over 
solids are higher specific impulse and more positive thrust control. 
A variety of propellant combinations and engine designs are in- 
cluded in this category. ? ^ 

i 
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HUlorical Back^ouDd 

In 1898. fi\e >cars before the Wright brothers' first airplane^ 
fikht and sexeral decades befurc .the development of air-breathmg 
jet propuKion for aircraft. Kpnstantin Tsiolkovski predicted 'that 
liquid-propcilent roeketrv would pro\ide the means for man to 
\enturc mto spaee. Tsiolkovski. an obscure mathematics teacher ot 
Kaluga. Russia, wrote an article in that >ear in which he pointed 
out that liquid chemical propeliants would provide greater exhaust 
velocity than anv known solid rocket propellant. He further sug- 
gested that liquid uxNgen and kerosene (iodav*s propellant staples) 
would make a good combination Although Tsioiko\ski*s article 
was written m 1898. it did not see print until 1903, when it was 
published in the Russian magazine. Science Survey, under the title 
'The Investigation of Space with Reaction Devices." Tsiolkovski 
^ never put any of his ideas into practical application, but he con- 

si' tinucd to write until his death in 1935. His articles and science fic- 

tion had a strong influence on later Soviet pioneers in rocketr>' 
and space. ^^^3^ 

Robert H. Goddard (1882-1945), the American rocket pioneer, 
began studv and experiment in the field of rocketry while still an 
undergraduate and graduate student and devoted his life to this 
field* He theoretically determined that liquid ox>gen and liquid h>- 
. drogen would be rhe most energetic chemical propellant and re- 
ceived patents in 1914 for a hybrid rocket and a multistage rocket 
for reaching high altitudes. He accomplished the first flight of a 
liquid-propellant rocXjet. using liquid oxygen and gasoline, on 16 
March 19'26. The rocket flew 184 feet in 2,5 seconds. Successful 
Goddard rockets ultimately came to reach 1 1 feet in length. 500 
mph in speed, and 9.000 feet in altitude. 
The most intensive development of liquid-propellant rocketry 
. in pre World War 11 times occurred in Germany under the leader- 
ship of the Rumanian-born Hermann Obcrth. who included 
Wemhe^ von Braun among hiSjpilowers. In the late 1920s and 
early 1930s, the emphasis of this' German group was upon scien- 
tific research .and dreams of future space exploration. With the 
.advent of the Nazi regime, however, tha? pro-am was killed, and 
later revived with a purely military emphasis.HThe culmination of / 
the World War 11 German military rocket program is well known V-^ 
to history — the* V-2 rockets a single stage liquid-propellant device 
powered bvjjquid oxygen and alcohol, with auxiliary systems 
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driven by prebsurized hvdrogcn peroxide. With this \\eapon. Lon- 
don bombarded from deep vsithm Germany ai ranges up lo 
200 miles., The V-2 weapon \\eighcd 14 tons at launch, li 
reached a speed of about 3.500 niph and followed a ballistic tra- 
jectory in flight, rising conipletcl> out of the atmosphere to an 
altitude of 100 miles before beginning its descent to the target 
Its warhead weighed 1.000 pounds. In size, velocity, and range 
It greatly exceeded any other missJe and alerted the world to both 
the menace and the hope of the missile and space age 

Captured V-2s provided the beginnings of both the LS arid 
Soviet missile and space programs In the United States* \'-2 was 
developed into Viking. Then came Redstone and its succesbors 
Liquid propulsion maintained its lead over solid in efforts to 
achieve intercontinental range, low earth orbit, and escape velocity. 

Liquid Proptllants 

Liquid propellants can be classified m several ways. One is ac- 
cording to the manner m which they are fed into combustion. Any' 
other IS by means of ignition, whether hypergolic (using bipropcj- 
lants that react upon contact with each other) or notthypergolijp 
(requiring some means of ignition). A classification commonly re- 
garded as the most practical way of looking at propellants is that 
between cryogenic and storable propellants. The possible com- 
binations are endless in number. Figure 17 is a table showing five 
which figure prominently in US space programs. 

Cryogenic propellants.— 'Cryogeaic," as we have noted, 
means ^'pertaining to extremely low temperatures.'* A rule of 
thumb definition of a cryogenic substance is any that has a tem- 
perature below -100' F. Cryogenic propellants. however, hav£ 
temperatures far below that figure. Oxygen liquefies at -297^ F.; 
fluonne. another oxidant, at -306' F., and hydrogen, a fuel, at' 
-423'' F, A propellant combination is considered cryogenic if 
either the fuel or the oxidizer, but not necessarily both, is cryo- 
genic. An example is the widely used kerosene/liquid c^ygen 
combination, classed as cryogenic because of the liquid oxygen 

You have probably seen pictures of vehicles just prior to launch, 
covered with white frost and smoking with extreme cold. When' 
the vehicle lifts off. the frost coating suddenly flakes off in a spec- 
tacular shower of ice particles. In the jargon of space personnel,^ 
the booster is said to be "shedding her ^kirt." The weight of t]iis 
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miisQum pkopoiants usb in ix>iMiA$A 

AND ASH FOXCE S^ACI M106IIAMS 



OXXZOZEK 



Reducex 



tiqtUi Refined 
Oxnm (LOaO -Kcroicne (RP-1) 



DtFNA^ 



-UDMH* 



^»rogt■ 

LOX 



LQX. 



UDMHtod 
-Hydnzine 

JLiqtud 



Cryofcmc 

L Tnhffated ltd ftmiigg nitric Jtcid> (IRFNA) 
Z UDsymmefxkiaIdyme%QxTdrazz2)e. 
3.NA 



SfecXFIC VEHICLEySlACffi 

Tm Impulse ox OiHExUwzB 
Cryogenic 300 thor-Ageni/lit; 

Aaect/lst; Atla»<:eQ* 
tsor/Ist; Satom I/ltt; 
. ' Uprated Satnrnl/ lit; 
SitamV/lit 

276 Tbor-Agen2/25d; 
DeItt/2Qd; Atlas-. 

2SS Gemini-Titan U; Utan 
m, all stales. 

391 Aths<:cnUur/2od; 

-7 Satnft~Xr2na;TJpi(6r 

Satnrn I/2nd; Satnm 
V/2adA3nL , 

296 X-15 rocket aircraft. 



Storable 



Storable 
Hyperfolic 

Ciyofemc 



Figur* 17. Th« spa«« progrom uws o voritty of liquid prof>««ont», 

ice at launch is but one of many problems associated with the 
manufacture, shipping, and use of cyrogenic propellants. The ef- 
fect of deep cold on engine components is another factor worth 
mentioning. The principal difficulty is that cyrogenics cannot be 
stored for any length of time in a vehicle before it is launched. To 
reduce losses from vaporization and minimize other problems 
caused by low temperatures, they are -pumped into the vehicle 
within a few hours of launch. If any kind of problem arises to 
cause a delay in the countdown of a space launch, it must be 
remedied within a few hours. Otherwise, the vehicle must be 
drained of its rapidly deteriorating cryogenics and refilled prior to 
another attempt, at great expense and further loss of tin^e. The 
delay could mean a lost opportunity for a certain mission, the 
passage of a window— the span of time during which the moon or 
another celestial target is in a desired position. 
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For rciLson^ such as these, cryogenic-propellant missiles are ob- 
solete as weapons of war. In the space program, iTiJwever. all these 
disadvantages have been diminished with increasmg untdown ex- 
perience and efficiency, and are considered to be outweighed by 
advantages. One advantage is the relatne cheapness and abund- 
ance of kerosene liquid oxygen, designated as RP-1 LOX Both 
components cost but a few cents per pound delivered to the 
launching site. The other advantage is the higher specific impulse 
of cryogenic propellants as a class. Even RP-1 /LOX boasts 300 
seconds, which is higher than that of any currently used solid or 
storable-liquid propellant. This is not to say that 300 seconds 
represents a barrier which solid or storable propellants cannot ex- 
ceed, for the barrier has been broken in tests. It is. nevertheless, 
a convenient round number distinguishing cryogenic from storaWe 
propellants in practical use at the time of this writing. It is also true 
that, when chemical specific impulse ratings are boosted dramati- 
cally above this 300 level to 400 seconds and more, it is done with 
cryogenics. Currently ratings above 500 seconds have been' 
achieved experimentally with liquid hydrogen and liquid fluorine 
(both cryogenic). 

As Figure 17 reveals. RP-1 /LOX is the workhorse of US space 
programs, the one that is most frequently called upon to perform 
the heavy liftoff task. It is the first-stage propellant for seven out of 
ten of the US standard launch vehicles (the exceptions being the 
all-solid Scout and the two Titan vehicles). The 7.50.000 pounds 
of thrust generated by the five huge F-1 engines which comprise 
the first stage of Saturn V are the work of the tried-ond-true RP-1/ 
LOX combination 

The all-cryogenic combination of liquid hydrogen and liquid 
oxygen is now the favored propellant for the upper stages of the 
most advanced launch vehicles, the Atlas-Centaur and the Saturn 
family. Despite the complexities of the engines designed for this 
propellant and the problems associated with the tankage and flow of 
cryogenics in in-spa'ce use. LH.'LOX is favored for its • high 
energy output, yielding specific impulses above the 400-second 
mark. The use of high-energy propellants in upper stages permits 
carrying payloads to the moon and into interplanetary space. 

Storable propellants.— A storable propellant h liquid at 
normal temperatures and pressures and may be left loaded in a 
missile or space vehicle for days, months, or even years fThe 
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term "storable,** however, relates to storing propellants on earth 
and not in space.) By means of propellants in this class. Titan II, 
heaviest of the US military missiles, can be launched toward its 
intended target at a moment's notice just as surely as any solid- 
propeilant missile. Titan 11 hub also been adapted to space ubes» 
having served as the vehicle of the Gemini program. Titan III uses 
the same storable liquid systems plub ^ohd-bopstcr augmentatioo. 
Storable liquids are also used in the second stage of Delta and in 
the Agena-D vehicle which is the .second stage of the Atlas and 
Thor boosters. As Figure 17 indicates, one storable-liquid propei- 
lant combination is also hypergolic. The special advantage of a 
hypergohc propeilant in upper stage use is the relative simplicity 
and accuracy of thrust modulation, stopping, and restarting. It is 
all done by opening and closing valves, whh no ignition system 
necessary. Advantages of storable liquids in general (not necessarily 
hypergolic) include lower handling costs and simplified count- 
down procedures, offsetting the rather high cost of the propellants 
themselves. 

The Liquid Rocket Engide 

Compared to a solid-propellant rocket motor, a liquid-propellent 
rocket engine is quite a complex assembly of machinery. In one 
respect, however, the liquid svstem i^ simpler. Because no propel- 
lants are stored within it, the liquid-propellant combustion cham- 
ber is small and is rigidly assembled to the much larger exhaust 
nozzle. For thrust vector control or steering, the whole engine and 
nozzle usually rotate as a unit on flexible mountings called gimbals. 

When several engines are grouped to form a stage, they are all 
of the same type and size. They do not have independent tanks 
but all feed from the same tanks. Therefore, part of a stage's pro- 
peliant-flow svstem is associated with the tanks and is commoTrso 
all the engines, and part is associated with the individual engines, 
each of which has its own complex assembly of pipes, valves, 
pumps and turbines, lb control its own propeilant (Fig. 18). Pro- 
pellants are fed into the combustion chamber through a vaporiz- 
ing device resembling a shower head in appearance and function 
(Fig. 19). 

For the sake of veliicle balance and thrust control, it is essen- 
tial that all engines in a stage consume equal quantities of propel- 
lants. and are equal in thrust. Fuel and oxidant flows of the whole 
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Component* Nonntlly 
ComAOQ to 



Compcoents Nonntlly 
Bdonpog to 
Each Engine 

Fuel T»iTe 

8- 



Cooltng 




Injector 



Figure 18 S^hemofc drow.ng of o liqu-d^propellont rocVet stoge shows fuel tonks 
common to the whole stoge, but other components contoined withm eoch eng.ne 
feeding from the tonks. 



t- 



h500.000 LB THRUST 

engine for large 
'booster 




200.000 LB HYDROGEN 
ENGINE FOR UPPER 
STAGES 



Rflur. 19 Cutowoy o* o liq«.d.prop.llont .ngine show, how oil .he pWrnbing 

f!t> tog«th«r. 
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system must always be in the proper ratio and be exhausted at the 
same time, PropeUant How from tanks to engines is controUed in 
either of two main ways. One is to use a pressurized gas (nitro- 
gen, among others, is suitable) which drives the fuel and oxidant 
through the plumbing .into the engine. This system has thtf-aBvan- 
tage of simplicity and the disadvantage of weight, for the tank that 
contains the pressurized driving fluid must be strong and heavy 
The preferred systems, therefore, use pumps and turbines to sup- 
ply propeilants to the combustion chambers. Sometimes a separate 
gas-generation system, powered by its own smaU supply of pro- 
peilants, is used. More often the engine has a bootstrap system 
either working its pumping system by the expansion of its own 
main propellant fluids or using a turbopump system that is driven 
by the engine's main exhaust gases. 

Complexities of liquid-propellant engines include many sophisti- 
cated control devices. One device, for instance, senses overpres- 
sure in the thrijmchamber and shuts a fuel valve until a normal 
combustion level is restored. Cryogenic systems usually make use 
of one or the other of their frigid propellant fluids in a cooling sys- 
tem before feeding them into the combustion chamber. The noz- 
zle of a high-energy cryogenic engine, subject to heat damage, is 
surrounded by a cooling jacket through which frigid propellant gas 
IS circulated in a process called regenerative cooling. 

Figure 20 shows three liquid-propellant rocket engines in cur- 
rent DOD-NASA use. Two men in the photograph indicate the 
size of these engines. Five of the largest of these (the F-1, center) 
comprise the mammoth Saturn V booster first stage. No less than 
eight of the H-l (left) are clustered to form the Saturn I booster 
Both the F-l and the H-l burn RP-I/LOX. The J-2 (right) is 
designed to bum the high-energy double-cryogenic propellant 
LHi/LOX in upper stages of Saturn vehicles. 



OTHER CHKNflC Al- SYSTEMS 



In previous parts of this chapter we have by no means covered 
all the varieties of solid and liquid propellent rocket systems but 
have given a fair indication of what their potentialities are. In this 
final section, let us first consider hybrid-propellant systems (com- 
bining liquid and solid propeilants). then discuss some of the po- 
tentialities of the ramjet principle. 
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vthid*. 
Hybrid Systems 

A hybrid-propellant system combines a solid fuel with a liquid 
oxidizer, (or vice versa, but so far the solid fuel/liquid oxul.zer 
system seems to be more practical). Development of hybr.d en- 
les has- been going on for many years, and some experts have 
fended to regard such systems as obsolescent rather than advanced^ 
Solid-propellant motors excel in compacmess and simplncty; liquid 
systems excel them in specific impulse. A hybrid system (Fig. 2 ) 
could combine these important virtues: the solid rockets simplicty 
and readiness, and the liquid system's capability for Precse thru 
control. Whether the hybrid system is hypergolic or ignitable, it 

W9uld- excel in thrust control by its very simplicity having one 
liquid feed line to control instead of two. The advantage of uch 
a system for upper stage use requiring multiple stops and restart 

s evident. Spccmc impulses, even though not the highest, might 

be on a par with those of the currently used storable liquids. 
Ramjet, Scnimjet, and Scramlace 
Since a ramjet is an air-breathing engine, discussion of this topic 

would seem to be more proper to a text on aviation rather than 
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Igntict Oxidizer Transfer 
System ^ 




Sol 
Propcllant 
Fuel Gram 



^9«r. ,^. Th. H,bn<, .cU, could co.bin, .H. .o„d /ocke,. .I.p„c,„ o„d 

r.od,ne.. w„h ,he l,q«,d eng.ne", prece control ' 

one on space ^i^s\or^^ Nevertheless, /alk of ramjet space ao- 

S^vlo "^^"-T"'^ ''"^ ^^^^ Air Fircerearc'h 
ana clevelopmeni circles. 

"airt.T ""'^^ that the ramjet is the simplest of 

air-breathmg jet engines. It is sometimes called an afhodvd, a 
N^ord coined from ••aero-thcn„o-dynamic-duct"_which in' turn 

"s no mrh? ' '""u'"'' "^''^'"^ ^'°^^P'P^-" The ramjet 
has no turbo-compressor but simply takes in its air supply on the 

't.ralK bv ramming this air into its throat through the sheer 

mixed u.th this compressed air. and ignited to provide thrust 

^ero launched but must be carried to the necessary ramming ve- 
locity on board a vehicle with another motor. Even after i^reaches 
smarting speed, it burns inefficiently and is wasteful of fue for 

TurJ^^r'son"' " T""" "'"^ ''''' ""--y a 

supersonic velocities. 

One application of the ramjet was the winged Bomarc air de- 
sohd-propel ant. rocket of 50.000 thrust pounds and could attain 

of'ov"er 2 nno "tu " °' a speed 

of over 2.000 mph by means of its twin 16.000 thrust pound ram- 
jets In October 1967. the rocket-powered X-15 experimenul 
nianned aircraft set a speed record for manned aerodynamic flight" 
abouM.500 mph On this flight two auxiliary ramjets added thei; 
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boost to that of the rocket engine. (Tests involving the X-15 have 
since been concluded.) In both speed and altitude, ramjets can 
exceed any turbojet. In .fact, the ramjet is most efficient near the 
top of Its altitude range. The faster k travels, the more ram com- 
pression is possible, and the more thrist^s produced. 

Theoretically the ramjet has no speed limit. The practical limit 
is currently regarded as mach 5 because of the problem of skin 
temperatures, but speeds of mach 9 and 10 are occasionally men- 
tioned as possible. Recent advances have been encouraging in tipj 
area of heat control inside and outside the very high speed engines. 
The ceiling of a ramjet is currently regarded as about 150,000 
feet, but recent estimates boost this theoretical limit higher. The 
nickname Scramjet (for supersonic combustion ramjet) has been 
applied to these hypersonic vehicles of the future. . 

In the thinnest layers of atmosphere along the fringes of space, 
the Scramjet could scoop air up fast enough to make use of it in 
combusting its fuel. A ,ramjet or Scramjet, however, cannot propel 
itself in space, where there is no afr. One theoretical Scramjet ap- 
plication is that, after zero launch by rocket or other means (pos- 
sibly even a.^rbojet aircraft), the Scramjet might acquire enough 
velocity in traversing the upper atmosphere to achieve orbital ve- 
locity and then "pitch up" into orbit. If the Scramjet alone cannot 
accomplish orbital speed, it might serve as a highly economical 
and weight-saving auxiliary booster to a rocket engine, which in 
turn could be made smaller and lighter because of this assistance. 

Economy and lightness are the key to interest in Scramjet de- 
velopment. In today's space rockets, oxidizer outweighs fuel in 
ratios ranging from 3:2 upward. A Scramjet engine would need 
only a fuel supply and would be spared the weight, cost, and 
bulk of propellant, tankage, and mechanism associated with the 
oxidizer side of a rocket system. Furthermore, the Scramjet- 
powered vehicle is envisioned as a winged and fully recoverable 
vehicle— no jettisoned TTages, no dependence on shrinkage of'pro- 
pellant mass, to gain the required velocity. It would not be used for 
deep-space probes, of course, but would be used on shuttle runs 
to carry men and supplies between earth and orbiting space plat- 
forms. ^ • 

Beyond Scramjet is Scramlace. The last four letters of this word 
stand for *^liquid air cycle engine.'' The Scramlace is a Scramjet 
equipped to scoop up even more air than required for its own 
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propulsion. This excess would be compressed and liquefied by the 
Scramlace, acting as a flying liquid-air factory. When the vehicle 
emerged into space, the Scramlace would convert itself into a 
rocket engine, using the liquid air it made on its way up. 

Imagine one space shuttle vehicle of the future as a winged air- 
plane/spacecraft, capable perhaps of taking off from an airport 
under turbojet power just like a present day airliner, accelerating 
mto orbit by means of Scramlace, and returning to earth with 
turbojet power available for an airport landing, (Fig. 22) Be- 
cause it would employ chemical fuel and free oxygen, this concept 
still comes under the heading of "chemical propulsion." Other ad- 
vanced propulsion ideas depart completely from the principle of 
chemical propulsion. These will be discussed in the next chapter 



Solid-propellant and liquid-propellent rockets each have an in- 
teresting history of their own. Solid-propellant rocketry goes all 
the way back to the middle ages, when it made its way from China 
into Europe. The propellant was black powder. With the develop- 
ment of the use of black powder as a gun propellant, however, 
rocketry was shoved into the background. Except for a brief pe- 
riod of revival during the Napoleonic Wars, rockets were used for. 
fireworks displays and had limited military uses until World^ar II, 
when double-based propellants of much higher energy than black 
powder were eventually tamed for rocket applications. Liquid- 
propeflant rockets figured more in the dreams of space-minded 
pioneers like the Russian Konstantin Tsiolkovski or the American 
Robert H. Goddarcj^ the early twentieth century. Even in liquid 
propulsion. howcve»( it was a military weapon that showed the 
way— the famed Gej^nan V-2 rocket of World War H. With a 
200 mile range and a 3,500 mph speed, the V-2 revealed the 
potentialities of the large rocket for global and space flight. 

Solid propellants arc of two main types— dcmblc based and 
composite The double based type is similar to the "^smokeless pow- 
der'*, or "cordite'* that has been a standard* gun propellant for 
many years. It consists mostly of two self-reacting, explosive com- 
pounds, nitrocellulose and nitroglycerine, plu?; small quantities of 
other ingredients to control its burning properties. A composite is 
a mixture in which oxidizer and reducer ar^ separate compounds. 
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Figure 22. Three possible space ships of ih. future. The air-brealhing sh.p in ihe 
center represents the Scramlace concept. 

Typically, oxidant crystals are imbedded in a rubbery fuel base. 
Polyurethane and ammonium perchlorate form one composite 
widely used in the space program. Specific impulses as a rule are 
less than 250 seconds, but the readiness, compactness and s£ 
plicity of solid-propellant motors offset this disadvantage H 
make large 'solid booster? practical for space 
thrust accomplished through sheer weight and volume of mass 

flow. ' • ■„ 

Thrust control of a solid motor is a matter of programming it m 
advance at the factory by the composition, size, and shape of he 
grain. The typical grain has a hole down the middle cut m the 
Form of a star, gear or other complex shape m such a way h t the 
amount of burning surface remains constant for constant thrust 
level, or it can be designed for increasing f °f "^'^^^ °J ,f f 
creasing (regressive) thrust. One member of the DOD-NASA 
family, the Scout, is all solid propellent; large solid auxiliary mo- 
r a e also attached to the Titan IIIC boosters, and other solid 
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motors form part of the propulsion systems of the Thor-Delta 
vehicle. ^ 

Liquid-propellant systems have the advantage of higher spe- 
cific impulse and more positive thrust control, the latter being ac- 
complished by regulating the flow of propellants into the combus- 
tion chamber. Although there are many, ways of classifying liquid 
propellants, the most practical is that distinguishing cryogenic from 
storable propellants. Many problems arise from the handling and 
use of cryogenic propellants, from the weight of ice on the vehicle 
at launch to the effects of their deep chill on engine components. 
To minimize loss through evaporation, cryogenic propellants can- 
not be loaded into a vehicle until within a few hours of launch. 
Nevertheless, cryogenics are favored in space programs because of 
the low cost of certain widely used cryogenic propellants (which 
include non-cyrogenic fuel like kerosene if used in combination 
with a cryogenic like liquid oxygen) as well as their high specific 
impulses. These range from 300 seconds for the staple kerosene/ 
liquid oxygen combination favored for big first stage boosters 
above 400 seconds for the liquid hydrogen/liquid oxygen now 
used in upper stages of Atlas Centaur and Saturn vehicles. Stor- 
able pVopellantS are generally within the 250-300 second range in 
specific impulse and have the advantage of readiness . and sim- 
plicity. Titan vehicles as well as Agena upper stages have storable 
propellants. Some are also hypergolic and are more easiiyNidfipt- 
able to stop-and-restart thrust control. 

Liquid rocket engines are more complex than solid rocket mo- 
tors. They must have pumps, compressors^ turbines, and other 
liquid flow regulating deviclbs. 

There has been renewed interest recently in hybrid systems in 
which a liquid oxidant is pumped into a chamber containing solid 
fuel. Because only one feed line is involved, the system has the 
advantage of simplicity. 

Within the realm of chemical propulsion is the concept of 
adapting the air-breathing ramjet engine to space uses. The ve- 
hicle envisioned employs an advanced ramjet concept called a 
Scramjet. Beyond Scramjet is the concept called Scramlace, in 
which the same engine could convert from Scramjet to rocket 
operation in space. 
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WORDS AND PHRASES TO REMEMBER 



athodyd 
flash depressor 
gimbal 

hybrid-propellant 

jetavator 

neutral burning 

nonhypergolic 

opacifier 

opaque 



plasticizer 
progressive burning 
regenerative cooling 
regressive burning 



Scramjet 

Scramlace 

stabilizer 



time-thrust curve 



QUESTIONS 



1. Which particular advance in gun and amunition technology in the nine- 
teenth century led toward a modem revival of solid-propellant rockets? 

2. What are some of the physical properties needed in a solid rocket pro* 
pellant? 

3. What would be the basic time-thnist curve (neutral, progressive, or regres- 
sive) of a solid propellant grain with a simple circular hole in its mljldle? 
A star-shaped hole? 

4. Jdescribe the contributions of Kcmstantin TsiolkovskI and Robert H. God- 

dard toward space propulsion. 

5. If a grahi has an eight-foot diameter and a hollow-core diameter of one 
foot, what is the grahi thickness? If the bumhig rate of this grahi is 0^0 
hiches per second, what is the total burahig time? 

6. How is the nozzle of a cryogenic-propellant engine cooled? 

7. What- is the principal advantage ot a hybrid rocket enghie? 

8. How does a Scramlace engine obtahi its oxygen suply? 



1. Find out what new fuels or combinations of fuels arc being used or 
experimented with for use in rockets for the space program. Note the 
advantages and disadvantages of these new fuels and combinations in 
comparison with those discussed in this chapter. 

2. Check current space fnagazincs for advance in the specific impulse ratings 
for solid and liquid rocket fuels. Pay attention to whether more progress 
seems to be in the solid or the liquid proi>cIUnt5. 
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IN THIS CHAPTBt th* pouibiiHits of nonchemleof propulsion an •xom{n«<i 
Fof-^ tno«* port th»-#nflliw^^Kfib:t<i-^>»f»^-of»'^>o»^^«t~m b•lAg^ oltbough 
som» ort {n on odvonetd cUvt {op mental ttott, otHtft Ut forthtr ah«od in tH* 
futur«, Th« tngints dtKUts«d or* tltctrieol ond nwcJ^of. PrtHminory *oplc» 
at th« btjinnlng of th« chcpt^f indudt Jn^jpoct propwttton and woys of 
gtntrdting •Uctnc powtf in tpoct. V^itn you hay »tvditd thU chopftr yow 
thoutd b« obU to da tb« fpllowing: (1) comport ihm probltms of tmtpoc* 
propulsion with thp»« of lounching (as dtscribtd in Chapter 2); (2) Kst ^d 
dtscrib* ih9 pnndpo! methods in BSSg ond undtr d»Ytlopm»nt for providing 
in»spoc« •l#c*ric'pojv«n; (3) dtfin* tmd txploin rtsutoitt, arc |»t. Ion •ngin«, 
rod»oisotop#.th«rmoT^tnt rotor, and plasma •ngmt; ond (4) cUscrib* currtnt 
status end firturr prosp^s of nud«or and othtr odvonctd concepts of pro- 
pulsion. ^ 



The two preceding chapters were devoted to propulsion by one 
means only, the combustion of fuel and oxidant. Quite a variety 
of cheimcai reacti^is^ind engine designs can be included under 
this broad c^eg^, which we call cbemical propulsion; and quite 
a vanety of tasis, from launching off the earth to precise maneuv- 
ering in space, can be accomplished by this basic method. , 

In fact, you may wonder whether propulsion by any other 
means is necessary, desirable, or even possible. Not only- does 
a chemical reaction provide heat or energy, it also produces the 
very substance or mass for propulsion — the rush of molecules out 
of an exhaust nozzle we call mass flow. But even if heat is pro- 
duced by some other means, mass flow is still necessary. If the 
rocket need not be weighted down by fuel and oxidizer tanks, 
it still must have a supply of some kind of workmg fluid to use 
as a source of propellant mass. Where, then, is the improve- 
ment? 
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Obviously, there must be important advantages in nonchemical 
propulsion to warrant the intensive research and development ef- 
forts that arc now being made in that direction: In this chapter, 
we shall consider nonchemical propulsion, how it works, and why 
it should be worth while. Nonchemical propulsion, for the most 
part, is of two classes, electric and nuclear (or a coqibmation of 
the two). Some nonchemical propulsion devices have been suc- 
sessfuDy tested in space but, for the most part, nonchem^al pro- 
pulsion is stiD m its early stages of development. ^ 

Before we examine these future systems, however, we must 
make two digressions to consider related matters. One is propul- 
sion in space, a different matter from the launch propulsion em- 
phasized in previous chapters. Nonchernical propulsion is expected 
to be more practical over long distances. The other is electric 
power in space vehicles. If, for instance, electric propulsion is fea- 
sible, where does the ^electricity come from? 



PROPULSION IN SPACE 

Without getting into the subject bf orbits, trajectories, and 
velocity requirements^which shall be taken up later — let us con- 
sider *onJy the thrust requirements for operating a vehicle in space. 
In general, these are considerably less than the booster require- 
ments which occupied our attention in Chapter 2. The difference 
might be compared to the difference in effort required to roll a 
16-pound bowling ball down a 60-foot alley or to toss the same 
bowling ball 60 feet straight up. It takes som^ muscle to bowl* a 
good game, but you do not need to be a superman. 

The vehicle in space, once it has been injected into a low or- 
bital path around the earth, is weightless. If it has further uphill 
journeys to make — to higher earth orbit, to the moon,* or to 
another planet — it can proceed by gradual stages— climb gender 
slopes, so to speak. Its weightless state, however, is not- simply 
due to the fact that it has achieved a certain distance from the 
earth. More thanks are due to the powerful force that has taken 
the pl5«c>vpf gravity — the tremendous velocity the vehicle has 
acquired froha its booster stages. The vehicle is now a New- 
tonian body, qioving in a given direction with a given momentum 
and riot swerving from its p^t^^ or gaining or losing speed unless 
another force acts upon it. How great must this other force ]be? 
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Any amount at all, says NeMon, will produce a change propor- 
tional to the force. Anything from a gentle nudge by a small 
rocket motor, such as is shown in Figure 23, to a major output 
of thrust by the giant propulsion motor of the Saturn V might 
be needed to make a particular maneuver. 

When propulsion in space is employed in harmony with natural 
forces, moderate amounts of propulsive force can i;)erfonn re- 
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markable feats. If these thrusts act m the direction of a vehicle's 
original motion, they can produce important amounts of accelera- 
tion. Actmg in other directions, they can be used for stcermg 
and braking. We shall have more to say about maneuvers in 
Chapter 6, but for the present, let us merely list some of the 
things an upper stage rocket (in some instances possibly a non- 
chemical one) can do in space: 

1. Change the shape of an orbit from elliptical to circular or vice 
versa. 

2. Move from a lower to a higher orbit or vice versa. 

3. Change the orbital plane in respect to the earth's axis. 

4. From a parking orbit around the earth, add enough velocity 
to I escape from this orbit on a trajectory toward the moon 
or another planet. 

5. Shorten the months-long journey to another planet by increas- 
ing velocity. 

6. Apply thrust in a direction opposing flight, or retrothrust, 
for various purposes such as changing orbits (1 and 2 above), 
selecting a landing spot on moon, earth, or other planet; mak- 
ing a soft landing, or making a rendezvous with another vehicle 
in space. 

7. Apply thrust at angles to original momentum — in other words, 
steer the vehicle — for various purposes. 

8. Apply moderate to small amounts of thrust for minor correc- 
tions to keep the vehicle on a given orbital path, known as 
station keeping. 

9. Apply very small amounts of :hnist for attitude control.. 
Some of these tasks require more thrust than others, but all 

of them represent things that can be done by virtue of an original 
velocity — a head start. All assume a vehicle that may have mass 
by the ton but is without weight. Thrust-to-weighf ratio as de- 
scribed in Chapter 2 is no factor. In space, a few pounds of thrust 
can move a heavy mass. 

In fact, a small amount of thrust (gravity being weak and fric- 
tion absent) can accelerate a heavy mass. Here, indeed, is the 
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secret of low-thrusl propulsion. Acceleration is measured not in 
feet per second but in feet per second per second. If a low-level 
thrust IS sustained long enough, the change in velocity (aV) 
can be substantial. 

In the above list, items 1, 2, 4, and 5 tn particular represent 
tasks which can be performed by sustained low-level thrust, pro- 
ducing gradual acceleration. Consider the largest of these tasks, 
item 5, interplanetary flight. Assume a moderate level of thrust 
that would gently accelerate a vehicle at the rate of 6 inches per 
second per second. This does not seem like much, but at the end 
of one hour, aV would amount to a plus 1,800 feet per second. 
At the end of 20 hours, the vehicle would have added 36,000 
fps {or 25,000 mph) to whatever its original velocity was. Even 
if the motor were then cut off,, the vehicle ^in^ space would con- 
tinue to have the morae^m of the total buildup of its velocities 
and months might be shaved off the travel time to another planet. 
This low-thrust engine would not solve the problem of getting the 
vehicle off another planet if it landed there, but it could be useful 
on long-range explorations of the solar system without landing, 
or as an economy engine on^ missions in which a high-thrust en- 
gine would reserved for sharper velocity changes. Some space 
exploration concepts suggest the usefulness of even lower-thrust 
engines than the one suggested here — engines that would operate 
continuously for months if not years before reaching peak velocities. 
Scientists have numerous projects in mind for deep-space penetra- 
tions by unmanned vehicles and eagerly await the development of 
rockets and electric power sources for making these possible, even 
if they must wait somewhat longer for the means of manned 
exploration at such ranges. 

Long7buming low-thrust chemic^ rockets do not seem practi- 
cal at present. However, the development of electrical propulsion, 
which shows promise of engines capable of keeping up low-level 
thrust for days, months, or even years on end, will continue to be 
an, important "part of space programs. 

Meanwhile, the desire for super engines with both high thrust 
and extended operating time also runs strong, and the answer to 
this problem seems to be nuclear propulsion. Before we consider 
any form of nonchemical propulsion, let us consider the problem 
of electric power in space vehicles. 
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ELECTRIC POWER IN SPACE VEHICLES 

If the subject of electric power in space vehicles . were given 
proper emphasis in t}iis course, it would take up at least a whole 
chapter if not a whole booklet. We are treating it briefly here^ 
but it is one of the most important — and troublesome — in astro- 
nautics. 

In this respect, it is interesting to compare again space vehicles 
with aircraft. Large military or civil aircraft, like automobiles, have 
main engines that are also generous dispensers of auxiliary power. 
They generate electricity in abundance and supply other needs 
through ducting of engine heat. A list of civil and military auxihary 
tasks performed by airplane engine heat and electricity would 
include cabin heat, air conditioning, lighting, cooking, operations 
of weapons, cameras, rt^dar and other surveillance gear, com- 
munications, control acnd guidance, and music or movies for the 
entertainment of passengers. Airplane engines not only provide 
power for a great variety of equipment but also channel an excess 
of electricity into storage batteries to meet certain needs that arise 
at times when engines are not operating. The secret of this power 
abundance is prolonged engine operation and the feasibility of cou- 
pling generators with machinery that must whirl at high speed any- 
way. 

With space vehicles, the problem is scarcity instead of abun- 
dance. The motorless satellite coasting round and round the earth 
has no whirling turbojets to generate power, yet it is expected 
to operate cameras and instruments, ^ televise pictures back to 
earth, or perform other tasks requiring electric power. If the 
spacecraft is manned, it has additi^al power needs for hfe sup- 
port. Even if the vehicle still has some means of propulsion at- 
tached to it, these rockets must be saved for a few minutes 
of highly important maneuvering and cannot be turned on for 
the sake of generating electricity. 

In regard to power requirements for communications, 
break can ' be given the spacebome equipment by making the 
ground equipment as powerful as possible. A powerful ground 
receiver can pick up a weak space signal, and a powerful ground 
transmitter can reach a distant and weak space receiver. In mili- 
tary apphcations, ^ however, the vuberability of high-powered 
grounjl installations is a drawback. 
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Directional antenna patterns are sometimes used to strengthen 
the signals from these spacecr^t> Instead of broadcasting the sig- 
nal in all directions (omnidiMKnal), a satellite can send them 
toward a designated receiver o<plfcarth in a sharply focused beam. 
This "narrowcasting** gives more gain (the increase of output 
power over input power) than an omnidirectional signal of equal 
power. Research and development toward the application of 
lasers* in communications shows many ways of improving that 
ficli 

In regard to power needs other than communications, however, 
the space vehicle is strictly on its own. At present, small satellites 
and large manned spacecraft meet their power needs with on- 
board sources that are limited in capacity and must be as light, 
compact, and efficient as science and ta:hnology can make them. 
Many space vehicles h^ve power allowances smaller than 100 
watts, equivalent to that of an ordinary light bulb. Even manned 
spacecraft have available to them only a relatively few kilowatts 
for maintaining conmiunications with earth, operating life sup- 
port equipment, and many other tasks. 

Along with limited output comes a twin bugaboo — limited 
time. In general, vehicles outlast their power sources. Numerous 
"dead" satellites remain in orbit around the earth, their power 
exhausted. To keep up a program such as that of Tiros and Nim- 
bus weather observation satellites, which televise pictures of 
world cloud coverage, new satellites must, be launched from time 
to time to replace the exhausted ones. A breakthrough in devel- 
oping means of either increasing or prolonging in-spaoe power 
sources would be not only an important technological gain but a 
great money saver as well. Progress in this area has been steady. 
The future of interplanetary travel also depends upon increasing 
both the wattage and the lifetime of in-space power sources. 

Chemical jmd Solar PowA- Sources 

-To speak of the future of in-space high electric power is 
largely to turn one's attention toward nuclear engines. At the time 
of this writing, however, no practical nuclear means of supplying 
abundant power to space vehicles are available. Present nonnu- 
clear methods are subject to the limitations described above. 



♦The word "Uier** U tn acronym derived from *'ll|ht ampUOcation by idmulated cmf^Jon 
Of radiation." Sp«* doci not permit further dlscufslon of thii Important and fasclhatlnj 
ttchnolofy fn thb ttxt 
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although research and development prugrams may improve them. 
Three are described here— baiierics, fuel cells, and devices for 
using solar energy. Sometimes batteries and fuel cells are classed 
together as chemical power sources. Recent studies indicate that 
solar and chemical power systems will play a major role in space 
for at least the next 20 years. 

Batteries.— Pre-charged on earth before launch, batterie^«can 
supply power to space vehicles. In fact, batteries are the oldest 
and still probably the most widely used power source for m-space 
use. The best energy storage per weight is provided by silver-zinc 
batteries Because of various technical problems, silver-zInc bat- 
teries are difficult to recharge in space. They are mainly used, 
therefore, as primary-discharge or "once through" batteries. As 
such they are reliable and have a high output as space power 
sources go, but are of short life (generally less than 2 weeks). The 
oneman Mercury capsule carried about 150 pounds of these bat- 
teries. More recently, silver-zinc primary batteries were used In the 
Apollo Lunar Module ancj Command Module for short-duration 
power needs. The nickel-cadmium battery, which has become tl\e 
most commonly used space battery, has been used in' nun^r- 
ous satellites. It can be recharged (from a solar source as deN 
scribed below), and can have an operational lifetime of more 
than two years. More research and development is needed to 
make these batteries more powerful and longer lived. 

Research shows the potential for providing rechargeable silver-, 
zmc batteries with long life. It appears reasonable to expect a 
life of several yearsv for example, for a synchronous satellite 
with silver-zinc batteries, at a power density four times that for 
currently used nickel-cadmium batteries. 

Fuel cells. — The fuel cell is also a device for generating elec- 
tricity by cjiemical reaction. Fuel cells, unlike batteries, use chemi- 
cal fuels arid oxidizers which are stofed outside the cell. 

In a fuel cell, two porous nickel electrodes are immersed in a 
solution of I sodium or potassium hydroxide (Fig. 24). Pressurized 
hydrogen dnd oxygen are fed to these electrodes and diffused 
through them Chemical reactions between the hydrogen and the 
solution ai^d the oxygen and * the solution take place on the 
electrodes. jPositive ions migrate through the solution, and nega- 
tive electrons flow through the external circuit to provide power. 

From a | weight standpoint, fuel cells are best suited for uses 
requiring ujp to 10 kilowatts of power for operating periods be- 
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Figur* 24. Th« fud ctll prov.dts eUctrical pov^tr through a chtmical reaction 
b*tw**n fu*U and oxidizer stored outside the cell. 

iwecn a few days and several months. Another advantage of the 
^ hydrogen-oxygen fuel cell is that the, chemical reaction product is 
^sp^table water, useful on manned missions. The Apollo space pro- 
gram used the fuel cell as a primary source of in-space electrical 
power and drinking water. 

Solar energy.— In space, at the mean distance of the earth from 
the sun, the sun beams .the equivalent of 130 watts of elec- 
trical energy per square ^foot on any surface perpendicular^ to its 
rays. Effective solar .energy at a given range is called the "solar 
constant." 

The most common solar energy o^version device for in-space 
power is the silicon solar cell (Figs. 23 and 25). Splar cells, 
commonly 1 x 2 or 2 x 2 centimeters in area and approximately 
1/1000 to 1/500 of an inch thick, arc connecteA'^ together in 
large numbers to form a solar power trap. Unlike / battery, solar 
cells have no storage capacity for electrical pow/r. The principle 
on which they operate is similar to that of am ordinary phpto- 
graphtc light meter — conversion of sunlight tyelectricity. Sotar cells 
are mounted either directly on the skin ofiA space vehicle or on 
broad, flat, wing-like projection^ called p^dles or arrays. 

Present silicon solar cells have an Q^ciency of about 10 to 12 
percent if aligned perpendicular to th/rays of the sun.. This means 
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that onW about 10 percent of the solar rays that strike a single 
cell ai^/converted to electricity. Current developmental work seeks 
tQ increase that efficiency to 20-25 percent. 

Even a slightly oblique angle can result in an appreciable power 
loss. Therefore, body-mounted solar panels, because they face the 
sun at various angles or not at all, are less efficient than ^an array 
which can be oriented toward the sun. Sun-oriented arrays, how- 
ever, also have their disadvantages, mainly in that they add to the 
mechanical complexity and power requirements of the vehicle. 
There is also a problem in the fact that portions of the vehicle 
and its solar array may throw shadows on other portions, includ- 
ing sensors and antennas. The design tries to minimize this fac- 
tor. For such reasons, the less efficient but more reliable body- 
mounted solar cell panels are often used. 

Another source of power (chemical or nuclear) is needed when- 
ever a space vehicle is tri^^'ersing the dark side of the earth or 
another celestial body. Storage batteries are often used to pro- 
vide power during dark periods and are recharged when the ve- 
hicle is in sunlight. 




Figur* 25. Solar cells convert sur>light to electrical energy for on-board pow«r tn 
space. Solar power has been harnessed for use on earth, too. 
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One drawback to the use of solar energy is that it would be of 
decreasing usefulness with increased distance from the sun. At 
the range of Mars, solar energy is about half that at Earth, and 
out near Saturn about a hundredth. For sp^ce travel this side 
of Mars, however, solar energy has shown itself to be a highly 
useful and economical power source, worthy of much future re- 
search and development. 

A few years ago, 1-2 kilowatts seemed to be the upper limit 
in solar power for spacecraft. Today. 20-30Kw is deemed feasible 
for unmanned missions. The planned orbiting manned space station 
may have 25 K\v solar arrays, although researchers have not yet 
found what is needed to make such solar arrays man-rated, or 
capable of supporting human life. 

Another method of gathering and using soiar energy, under 
development but not ^et in practical use. i? that of using a mirror 
on some other device to focus the sun's rays on a boiler to vaporize 
a fluid, which in turn could turn a turbine and drive a generator. 
This method shows promise of being ^ore efficient than present- 
day solar cells, but since solar cells themselves promise great im- 
provement, it is hard to predict which will ultimately prove to be 
the superior method. \ ^ 

Systems for Nuclear Auxiliary Power (SNAP) 

The name SNAP applies to an overall program under the 
auspices of the Atomic Energy Commission (AEC), initiated in 
1955, to develop nuclear electric power systems for space, sea, 
and land uses. AEC has worked jointly with^ the Department 
of Defense in some SNAP projects and with NASA in others. 

Dozens of experimental and demonstration cfevices have come 
out of this program, but progress has been slow toward realizing 
the theoretijpal possibilities of nuclear power in space. Systems 
being- evaluated would provide a broad range of power from 2.5 
watts to f,000 kilowatts, and beypnd that lie projects for de- 
veloping multi-megawatt (many thousands of kilowatts) sources. 

In general, the nuclear systems under •development are of two 
types. Those in the lower power range, using radioisotopes, ^re 
designated by odd numbers such as SNAP-27. Those which use 
nuclear reactors to create heat, designed to meet much larger 
power requirements, are given even numbers such as SNAP-8. 
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For the student unfamiliar with the term "radioisotope" and **reac- 
tor." we shall attempt to explatn**these devices briefly. 

A radioisotope thermoelectric generator (RTG) (Fig. 26)*works 
simply on decay of certain radioactive metals which yield energy 
as they break down and form ncvv isotopes (variants of a chemical 
element with different atomic weights). The'* process provides a 
low but steady source of thermal power (heat). This, jn turn, can 
be used to provide electrical power by either thermoelectric or 
thermodynamic means. Several small practical exaniples of radio- 
isotope generators have been developed. 

The RTG is light and reliable, requiring no maintenance. It 
is fairly expensive, but ^1 far outlast its spacecraft's useful life- 
time. RTGs are being developed for use^in outer planet \iiiibsions, 
and are already in use powering sorhe of the instruments left on 
the moon by the Apollo astronauts. 




'Figur* 26. RTG power on th^ Moon Jhxi radioisotope thermoelectric generator 
provides iongjime power for the ALSEP (Apoiio Lunar Surface Expenmonts Packoge' 
>n the background Shadow ts that of the astronaut taktng the picture. 

86 



er|c 95 



BEYOislD CHEMICAL PROPULSION 




Figur* 27. SNAP tO A, the propoitd nucteor reoctor, could g^ntrqU mossivt omountj 
V of htot for focktt propulsion or oth«r u$«s. 

A nuclear reactor (Fig. 27) is a. device which goes considera- 
bly further toward cxp[pitijig the awesome power of jiuclear "energy 
It might' be called a ryiclear bomb in slow motion — taming the 
destructive forces, of nuclear fission (splitting oi atoms) by spread- 
ing them out over a long time period. Just as in a nuclear bomb, 
atoms split to release nuclear energy millions of times as powerful 
per atomic weight as chemical energy, and these fissioning atoms 
shoot out neutrons^ which split other atoms. In a reactor, however, 
a matrix of inert material keeps small -'masses of fissionable atoms, 
of uranium^or plutonitm separated and slows down flying neutrons 
so that the chain reaction of atom splitting atom does not occur 
instantly but at a controllable rate of so many atoms at a time 
In this fashion, no explosion occurs, but a great amount of heat 
can be generated 'and sustained for months or perhaps years with- 
out refueling! The remainder of the process peed not be explained. 
Once there is a , heat source/ there are numerous ways in which it 
can be put to work to. generate electricity, and numerous even- 
numbered SNAP projects arc exploring these ways. 
/ 
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On earth, nuclear reactors have been sueeeWyll) employed as 
stdtionarv po\ver plants or to po^'.^r ships and submarines All such 
reactors are bi^ and hed\>. for not only arc bulk and ucight re- 
quired for the machmerv itself, but also lead or other'^hea\> 
shielding material is necessar> to protect human K.ings,and mjn> 
materials from deadK radjoacti\ it> The three basic safet> require- 
ments for reactors on sp*jce vehicles are these (1) the device 
should not matenallv increase general atmospheric background ra- 
diation. KD^W the launch pad, harmful radiation should not ex- 
tend be>ond the device itself or the area from which personnel 
are normally excluded for other safety reasons (3i The device 
should not produce a local hazard upon return to earth. In addi- 
tion to these requirements, the manned space vehicle must pro- 
vide shielding for personnel aboard the vehicle To sum up all 
ihc^^ requirements — thev are a weight problem. Development of 
reactors small and light enough to carrv aboard space ships, \et 
pov\erful enough ;o serve ^hcM. vehicles .is major power sources, 
remams a difficult matter Nevertheless, nuclear power sources re- 
main the big hope of the future for astronautics, for onl\ nuclear 
energy seems to promise a trulv abundant and long-lasting source 
of both propulsive and other power 

SNAP reactors, we must repeat, are de^igne!Ro produce onlv 
electric power and should not be confused with NERN'A (Nuclear 
Energy for Rocket Vehicle Application) reactors, which are under 
development as a more direct means of propulsion. Power from 
a SNAP reactor might be used for electric rocket propillsion, 
which in fact is one of its main goals, but the principle is dif- 
ferent from that of NER\'A. which will be discussed lat^r. 

In the following discussion of electric rocket propulsion, the tern^ 
loH level power source is used to include battery, fuel cell, solar, 
and nucfear radioisotope (odd-numbered- SNAP) power sources 
These are the kinds that, in general, are available today and have 
limited usefulness for electric propulsion The best promise of a pro- 
longed high level power source conceivable at present, and the real 
key to theTtK ure of electrical rocket propulsion, is the nuclear re- 
acfor 

• * • 

ELECTRIC ROCKET PROPULSION 

As we noted earlier, interest in electric rocket propulsion arises 
from its potential for prolonged operation, which greatly exceeds 
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that of chemical propuision. even if thrust fevels are not as high 
In this respect, our old friend specific impulse, which 'figured 
so prominently in Chapters 2 and' 3. becomes important again 



* No propulsion system, electnc or otherwise, can work with- 
out 'a propellant mass— although m some instances of electric pro- 
pulsion, the notion of mass is one that is stretched very thin indeed 
Nevertheless, the concept of a working fluid, a substance that 
is heated or otherv,ise energized and propelled at high velocity 
through an exhaust nozzle, is basic to all kinds of electric pro- 
pulsion. Therefore the yardstick known as "specific impulse." 
more commonI> thought of as a measure of chemical energy, is 
applicable here too. 

Just as with chemical propellants, specific impulse of a working 
fluid- IS proportional to the ratio of combustion chamber tem- 
perature He) to the average molecular weight of, the combustion 
products (m). This ratio is stated as Tc/m Subject to these con- 
ditions, a pound of working fluid will yield so many pounds of 
force in one second Stating the same quantity another way. a 
pound of working fluid will sustain one pound of force for 
so many seconds In space, as we h^ve noted, sustained thrust is 
often more desirable ^an intense thrust Therefore, we are now 
more interested in specific impufse as an index of propellant econ- 
omy or "mileage" than we are in the same value as an index of 
boosting power. In Chapter 3, we compared specific impulses of 
commonly-used chemical propellants and found that 400 seconds is 
a very high rating, almost the best that chemical propulsion can do 
nowadays, with a theoretical limit of 600 seconds set as a goal for 
future development. Specific impulses on this order, however, are 
inadequate for the kind of slow acceleration to super velocities de- 
scnbcd above which space experts would like to see made possible 
Electric engines are expected to yield specific impulses of .2,000 to 
30,000 seconds, or more. 

Before describing different types of electric propulsion, let us 
point out certain basic features they all have in common. Instead 
of heating propellant in huge volume— a great roaring fire— an 
electric engine would energize a very small amount of propellant 
The working fluid would be fed into the engine slowly in a thin 
stream.- Thus, a relatively small tankful of working fluid might be 
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enough for long hours, days, or even months of operation. At 
the same time, however, the highest possible thrust must be ob- 
tained from this thin flow if it is to have any effect at all. 

Not only do certain electric engines deliver the extremely high 
temperatures needed, but they have a decided advantage over 
chemical in the matter o£ light molecular weight. The average 
chemical exhaust mass consists of a complicated mixture of light 
and heavy molecules. Some of these have gained weight, others 
have lost, m the process of combustion. As we indicated in Chapter 
2. the propulsion cherpist must reckon with trade-offs— sacrificing 
in one area to gain in another— of higher temperatures for lower 
mean molecular weight or vice versa in seeking formulas that will 
deliver maximum specific impulse. A chemical exhaust mass with 
a mean molecular weight of 20 is better than average. By con- 
trast, uncombusted working fluid could be pure hydrogen, under- 
going no chemical change, producing an exhaust ^as with a mo- 
lecular weight of 2— that is, nothing but H, molecules, the lightest 
molecules or atoms in nature. (Since we must consider sums 
proportional to square roots, the advantage of 2 over 20 is not 
tenfold but threefold; but it is dramatic indeed.) 

In some electric rocket engines, molecular weight disappears 
completely as a factor as we enter the realm of electrons, ions 
and plasma. In all these instances, the nozzle velocity of a verj) 
thin stream of matter would be fantastically high. Thus specific 
impulse ratings as high as 30.000 seconds and more might be 
stated as potential for some kinds of electric rocket propulsion, 
but these would have to be considered in terms of low rather 
than high thrust. 

Types of Erectric Rocket Engines 

A number of different types of rocket engines classed as "elec- 
tnc" are under development. Some have already found Umited 
practical application with low-l^l power sources; others might be 
caUed more "futuristic." The futui^ development of all engines in 
this class is dependent upon improvement in electric power sources. 

Perhaps the simplest concept to understand is electric heating 
of hydrogen, examples of which are the resistojet and the arc 
jet. As in chemical propulsion, the energy behind the rush of 
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particles* through the exhaust nozzle is m the form of heat Other 
forms of electric propulsion not only employ heat but also use 
electrical energy itself as a means of moving particles. 

Resistojet. — Resistojets are miniature thrusiers designed to de- 
hvcr precisely controlled thrust for space craft attitude control 
and station keeping. In a resistojet engine, heat is generated by 
passing an electric current through a special wire or tube, which 
presents high resistance to the current's passage. This resis- 
tance develops heat. A stream of hydrogen or ammonia is passed 
over the heating element and energized to high velocity as it 
travels out an exhaust nozzle similar to that of a conventional 
chemical rocket (Fig. 28). 

R^esistojets in current use are about six inches long and two 
inches in diameter, and weigh about a half a pound. They pro- 
vide about 10 milipbunds (1/1000 of a pound) of thrust at 
specific impulses of 300-575 seconds, depending on the pro- 
pellanl used. An important consideration about resistojets is that 
they can use as propellants gases from biological waste. 



Positive l^p 
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Figtir* 21, Tht r«$l$tof«1, shown In this sch#motic drawing, opplits tK# prindpl»s 
of tht tUctric toost»r, percolator, ond iron to propulsion in spac«. 



an VxirKSSc. is the ctsencToT HI rocket or Jet propuUipa A If ^ » "^1^ 
" uTU formi ot pfopuWon discimc<l up to thU point It tta be °' * ^ 

3 w 3om such u a proton, or neutron, or even »n electroo or photon (which m lofialttly 
smailef\]uia protons and oetitroca) 
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Resistance healing is the principle on which electrical heat- 
ing appliances like toasters, coffee' percolators, and irons operate. 
The practical resistojets currently in use or under development 
♦ use low-level power sources. As with all electric rockets^ described 
here, future development would depend on development of nu- 
clear-reactor power sources. In this respect, however, the ar.c 
jet is more promising because it can deliver higher temperatures. 4 
Akc Jet. — The arc jet differs from the resistojet in that instead 
of a resisting wire or tube, there is simply a gap between elec- 
trodes. Current jumping this gap or "arcing" creates very high 
temperatures. Hydrogen passing through this arc is heated to 
thousands of degrees and expanded through a nozzle as in a re- 
sistojet or conventional chemical rocket. Theoretically, extremely 
high exhaust velocities and high thrust as well as long endurance, 
with specific impulses up to 2.000 seconds, far in excess of any 
known chemical or nuclear-fission system, are possible. Wuh both 
the arc jet and the resistojet, the operating time is more limited 
by the fuel supply than by the duration of the power source. 
Nevertheless, these devices get the most mileage out of a supply 
of liquid hydrogen. Present power sources are not sufficient to 
realize the arc jet's possibilities to -any practical degree. Teamed 
with a nuclear reactor, the <arc jet mighKsome day compete 
with more direct means of nuclear propulsion.\ 

Ion or electrostatic engines.— Ion engines\fi in experimental 
use as auxiliary propulsion sources for north-somh satellite sta- 
tion keeping and 'attitude control. The practical models, however, 
are of very low thrust and are limited to the kind of chores they are 
performing and to the slow, prolonged, acceleration in deep space 
that ma> be desired m some instances. Because their rate of fuel 
consumption is low, the> can sustain thrust over long,periods. Among 
other desirable features of ion rockets are their lightness of weight 
and the ease with which they can be stopped and restarted. * 

The ion rocket is the first example cited here of propulsion 
by some means other than gaseous heating. It produces thrust by 
electrostatic acceleration of charged atomic and subatomic parti- 
cles (Fig. 29). A rare metal called cesium seems to be the most 
promising fuel element so far tested. When subjected to heat, it 
vaporizes and ionizes; that is, each atom gives up an electron 
and thus becomes positively charged and is called an ion. These 
ions pass through an electric grid, which accelerates their move- 
ment toward the exit nozzle at tremendous speeds. The stripped- 
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fiSur. 29 Th. ioi .ng!n. g... .Kru.. from a .r.m.ndcu. a,«,.ra.ion of charged 
atomic and subatomic particlts. 

off electrons follow another path and are fed back into the ex- 
haust stream to produce an electrically-neutral ^''haust^ f ^^'^ 
wise, the motor and the whole vehicle w.th u would bu.ld up a 
dangerous electrical charge.) Although cesium ions are heavy in 
atomic weight. the|r quantity is small; the exhaust flow . th n 
and its velocity many times greater than U.a ^e^^^^^^^^^^^ 
Soecific impulses may reach a maximum of about 16,000 seconos. 
^^' r OR ELECTROMAGNETIC ENGINES.-The plasma engine 
curren ly is "ot quite to the developmental stage of the .on cng.ne 
bm may ome day compete with it in the field of low-thrust pro- 
Lngedilir'ion usage. Its fuel economy and super ex.t veloc.t.es 
may add up to specific impulses of 20.000 seconds or mo^ W 
to this point, we have deaU with three states of "lattcr-^o hd^ 
Uquid. and gaseous. Some scientists now recogn.ze plasma a 
fourth state of matter. A plasma is not made up of molccu es 
but of ions, free electrons, neutrons, and f^r subatom.c par- 
ticles. Some of these particles are positively charged some neutral, 
and some negative so that the general mixture .s elec^^l'y neu- 
tral A plasma engine first employs electric power thermally to 
break a gas down into a plasma, ^n it subjects the p a.ma to 
eLtromagnetic fields of force, which accelerates the plasma to 

pTrelLties (Fig. 30). Specific impulse . 
to exhaust, velocity, remember. It is the extremely h.gh «haus 
velocity of electric engines of the ion and plasma types that give 
tftcm' such high specific impulses. ^ 
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Pulsed plasma thrustcrs in the thrust level range of a few tens 
o^^mzcropounds have a number of significant advant^g s I S 
^erra"lL"'"T ^f'" "-euvers. , Has is particdar^ Zl 
«*cre a large number of accurately controlled thrust pulses are 
n^ed such as on a spin-stabilized spacecraft. Tbis, pla^maTus^ 
no valves, requires litUe power, and needs no J^up 
a NAtv ^^^JPP^-^- oi the plasma t^t^T n 

L^1^on%tr°"'.'^'^"''°^'^ (SMS), for east- 

west station keepmg and for precession-pointing control.* 

NUCLEAR AND OTHER ADVANCED PROPULSION ' SYSTEMS 
In this section we consider direct means of propulsion by nu- 

ide" suras'tL'^T' ^-"ti'^ 
de^ such a^ the nuclear unpulse and photon propulsion or "solar 

Z rT.^' °' futuristic 
dXl ""''-^ - « ^and 1^. 
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United States projects to develop nuclear power and propul- 
sion have been underway for over a decade. The program, jointly 
sponsored by NASA and AEC, has three major parts: propul- 
sion, power, and electrophysics. We are concerned here with the 
first of these. The primary propulsion effort is the development 
of NERVA (Nuclear Energy for Rocket Vehicle Application). 
The complete Nerva system passed its first ground test on Feb- 
ruary 3, 1966. 

The final phase of the NERVA program— development of a 
flight engine— was begun in 1969, and preliminary design of the 
flight engine was completed in 1971. FUght testing of the engme, 
however, is not expected until 1978 at the earliest 

NERVA is based upon a nuclear reactor, the basic principle 
of which was explained above in a discussion of SNAP. In the 
NERVA rocket, however, the reactor will not be used to gen- 
erate electricity but to apply direct heating to hydrogen for rocket 
propulsion. Such a system is sometimes called a gweons heating 
or nuclew thennid (a term which we must be careful to distm- 
guish from thermonuclear, which means an entirely different form 
of atomic energy) system. NERVA will deliver 75,000 pounds of 
thrust, and its specific impulse wiU be 825 seconds— double those 
achieved so far with chemical propulsion, but not as high ^ 
those of electrical propulsion.* In this mstance, however, the ob- 
jective is to combine both high thrust and high specific impulse 
to achieve a super rocket capable of carrying heavy payloads deep 
into space, achieving high acceleration rapidly, possibly re- 
launching from another planet, and doing all this with a bonus ol 
good propcUant economy. By propcllant, of course, we mean the 
liquid hydrogen supply, which would stiU remain the cntical fac- 
tor It would have to be conserved for use in high-thrust situa- 
tions, but it would stiU have a great advantage over chemical 
propellants in tilts respect. The NERVA engine's capabihty for 
easy stopping, restarting, and tiirust modulation plus high specific 
impulse will give it tiie means of using a propellant supply witii 
utmost efficiency. Recoverability of tiie expensive NERVA system 
ratiier tiian its mere use and discard as a stage is anotiier goal 
of the project. 
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As in the case of SNAP reactors, engine weight is still a problem. 
Another drawback to the present NERVA concept is radioac- 
tivity. The hydrogen working fluid, as it passes through or around 
the reactor and is heated, is also irradiated— loaded with radio- 
active particles emanating from the reactor's fissioning atoms. To 
shield it from this radioactivity would also mean to shield it from 
the very heat it is supposed to acquire and thus lower the en- 
gine's efficiency. If a NERVA engine (Fig. 31) were to be used 
as a first-stage launcher, the hydrogen exhaust would spew a dan- 
gerous amount of radioactivity over the launching area. Hence 
present concepts call for its use as an upperstage rocket, at a safe 
altitude. Its earlier uses could be for boosting a heavy vehicle 
(possibly a manned vehicle) gut of a parking orbit into an inter- 
planetary flight. 

G«s Core Nuclear Rockets 

Structural limitations associated with solid fuel elements restrict 
the specific impulse of the NERVA-type system to around 1,000 
seconds. Two concepts are under consideration in which the fuel 
. is in the gaseous state and for which the potential specific impulse 
is as high as 5,000 seconds. (Actually, hydrogen and uranium 
plasmas are involved.) These systems, classed as gas core nuclear 
rockets, include the coaxial flow and the light bulb reactors (Fig. 
32). Both cases involve difficult questions of feasibility, and prob- 
ably will require many years to develop,* but there has been some 
progress along the way. 

Coaxial flow reactor.— The coaxial flow reactor consists of 
a large, nearly spherical cavity surrounded by a moderator-reflector 
system to control and confine the radiation and the high temper- 
atures at work. Vaporized uranium would be centered in the 
cavity, held there by the action of the hydrogen propellant flow- 
ing through the porous walls of the cavity. Heat generated in the 
fissioning uranium plasma would be transferred to the hy4fOjen 
by thermal radiation. Some of the uranium would be exhll^Fed 
with the hydrogen. 

Nuclear light bulb.— The light bulb reactor consists of several 
cylindrical cavities each containing a transparent wall of fused 
silica used to separate the gaseous uranium from the hydrogen 
propellant. fin contrast to the coaxial concept, no uranium would 
be carried away with the hydrogen stream.) Thermal radiation 
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Figur* 31. Ntrva tngin* in »ch«ma!ic drowing rtvtols th« principU* of tht nucltar 
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Figur« 32. Two nuclear conctpts •mploy th« gar cor« approach. Tb«y gr« th« coaxial 
flow •ngin« and th« nucl«ar light bulb. Th« txhaust of radioactiv* maUridls is a 
vital consideration in developing nuclear rockets. ^ 
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must pass through the transparent wall in ordej- to heat the hydro- 

• gen to desired temperatures. This construction — the transparent 
wall surrounding the hot .reactor core — is reminiscent of a light 
bulb's coi)Struction and gives the engine its name. While the, silica 
wall transmits heat to the hydrogen working fluid flowing ground 
it, it also blocks radiation. Thus the NLB, as it is sometimes 
called, will be safe for first stege use in launches from earth. 

The NLB-posvered vehicle 13 envisioned as a wholly-recoverable 
winged combination airplane aifd space ,5hape, with * a ' smgle- 
stage power plant to carry it through all phases of aerodynamic 
and space flight. It would take off and land horizontally from an 
airport without radiation hazard. The NLB engines would have - 
the thrust, the duration, and the ease of 'stopping and restarting 
needed for launch, prolonged or deep space flight, and. aero- 
dynamic reentry and landing. 

Deep Splice Machines and Other Daydreams 

Described briefly below are propulsion concepts that may lie 
within the realm of the possible, but so far np* active research- 
and-development programs have been undertaken to bring them 

into being. < t 

Fusion propulsion.— This concept goes far beyond NERVA or 
NLB in that it/proposes use of a reactor for controlled thermo- 
nuclear energy.^ This is the energy of the so-called H-bomb, many 
times as powerful as the fission reaction employed in present-day^ 
nuclear reacfors or the NERVA concept. It is based on the fusing 
of nuclei of the hydrogen-isotope atoms called deuterium and 
tritium (rather than the splitting of heavy atoms. of uranium or 
Plutonium.) Perhaps the immense heat needed to begin such a 
reaction could b^ somehow generated, and the reaction then con- 
trolled and contained by means of an electromagnetic fiel0. 
Through introducing or cutting off a coolant/working fluid in the 
exhaust flow, specific impulse could be controlled for either ex- 
tremely high thrust levels or extreitiely high specific impulses— up 

• tb a million seconds or more. 

' PHOTofJ PROPULSION SYSTEMS. A photon is a tiny sub-atomic 
unit of light from the sun. Is it pure energy, or docs it have some 
mass? Some scientists think it has\nass. At least it has been dem- 
onstrated that the sun*^ rays exert some physical pressure on a 
body in space. Photons also have a velocity, the familiar figure 
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known as the speed of light— 186,300 miles per second The pres- 
sure of the sun's rays, is slight, but on large, low-density space ve- 
hicles such as the balloon-like satellites of the Echo' scries, it has 
'uced noticeable effects, perturbations, or variations in Echo 
paths a^uQunting to himdrcds of kilometers. This experi- 
ence sugg^tr the i^ea of building huge, low-density space ve- 
hicles, either immens^^JjaUopiir or great extensions of the solar 
paddle principle now employed for electric power. These would 
employ the solar sail concept, spreading out as much area as pos- 
sible to receive the sun's rays and literally 6e propelled by them as 
a sailboat is propelled by the wind. 

Other even more advanced concepts include a rocket engine 
that would convert matter to photons— the complete conversion of 
matter to energy, compared to which present concepts of nuclear . 
and even thermonuclear energy are merely fractional. It is only by * I 
such ibeans that a space vehicle could approach the speed of hght,'^ 
>nd it is only by achieving such a velocity that the idea of travel 
yyond the solar system— to explore the sun's nearest neighbors 
^ interstellar space— begins to show even a glimmer of feasibility. 

Beyond chemical propulsion lie a number of possibilitic^or 
propulsion in spz<k by nonchemical means. To understand ho\fe 
non-chemical propulsion mi^ work, it is necessary to^^^consider 
two preliminaiy topics.^e is the nature of propulsion in space; 
the other is electric powrfSsources for sp^ vehicles. 

Propukion in space does not dijmand the h^ thrust necessary 
to boosla vehicle off the earth or another planet The^^hicle is 
weightless, and as long as it is not attempting to move* extreme 
opposition to its own momentum and the forces of gravitation it 
can accomplish a variety of tasks and maneuvers, with a means of 
low-thrust propulsion.. The vehicle can, for instance, make orbital 
changes, move from orbit into moon or deep-space trajectory, and 
even substantially reduce its travel time to another planet. With 
low thrust of long^duration, amazing increases of velocity can be 
developed. For example, an acceleratio^f six inches per second 
per second, continued for 20 hours, will increase velocity by 
25,000 mph Thus various means of electric propulsion become 
useful. 
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If electric propulsion is feasible, however, where docs the elec- 
tricity come from? The problem of developing power sources for 
space vehicles remains a difficult one. At present, satellites and 
manned vehicles are limited m size and missions are limited in 
duration by the electric power problem. Continuous operation of 
aircraft motors generates an abundance of electricity as a by- 
product, but coastmg satellites for the present must take care of 
their communications and other power needs by means of storage 
batteries, or chemical fuel cells (which are somewhat mofe 
powerful than battened, or photoceUs spread out to' pick up 
electrical energy from the sun s rays, or combinations by which jjO- 
lar energy can recharge batteries or fuel cells 

The SNAP projects for developing nuclear power generators 
suitable for carrying aboard space vehicles so far have resulted in 
lovt-level. long-duration generators of the radioisotope type, de- 
riving electric energy from decay of radioactive metals The only 
kind of on-board power source that cclild provide a high ^wer 
level and operate for a long time seems\io^ the nuclear reactor 
Achieving light weight without sacrifice oTsafet) (shielding against 
radioactivity) remains a problem m SNAP projects to develop 
reactors. 

Electric rocket propulsion is at present characterized bv high 
specific impulse but low thrust Its high specific impulse is a result 
of high temperature and low molecular weight, which a resistojet 
or arc jet can achieve by electric heating and use of pure hydrogen 
as a vyorkmg fluid. Extremely high specific impulses can also be 
achieved as a result of extremel> high exhaust velocities obtained 
by elecuic rather than thermal means. Both ion (electrostatic) 
and plasma (electromagnetic) engines can hurl lon^ and electrons 
rearward at speeds many times greater than those obtained by 
heatecLmolecules Elect nc^ngines have low thrust, however, be- 
cause of the present limits of electric power and heat and the 
tWnness of the propellant gas. whothcr pure hydrogen or an 
ronized plasma. Of electric engine concepts under current de- 
velopment, the arc jet. teamed with a nuclear reactor, h^s poten- 
tialities for higher thrust than the others Plasma and ion engines 
have the best potential for long operation, extending to months 
or possibly years 

A project for developing nuclear propulsion for space vehicles 
has been going on for many years, and has reached a ^age of 
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development where efforts arc being made to assemble a compktc 
space-borne system called NERVA (nuclear energy for rocket ve- 
hicle 'applicaUon). A NERVA engine heatj^a hydrogen working 
fluid directly by means of a fission reactor, and obtains specific 
impulses iif the 8001,000 second range. A more advanced con- 
cept, currently in the very early stages of development, is the gas 
core nuclear rocket, including the coaxial flow rocket and the 
nuclear light bulb (NLB). 

Even more advanced concepts include the thermonuclear-fusion 
reactor engine, the solar sail moving a vehicle by ph9ton pressure, 
and photon rockets that would effect complete conversion of mat- 
ter to energy. Only jjje last of these concepts, at present purely 
theoretical, suggests a way to the stars. 



WORDS AND PHRASES TO RE.\fEMBER 



arc jet 


nuclear propulsion 


array 


nuclear reactor 


battery 


nuclear thermal 


chemical propulsion 


paddle 


electric propulsion 


parking orbit 


electromagnetic 


pertxirbation 


electrostatic 


plasma 


fuel cell 


plasma engine 


gain 


precession 


gas core nuclear rocket 


radioisotope 


gaseous heating 


resistojet 


ion engine 


retrothrust 


isotope 


solar sail 


laser 


station keeping 


low level power source 


thermonuclear 


man rated 


trade-off 


nuclear fission 





^^.^ QUESTIONS 

1. What fftcton make Iow*tixnxst propoldoD feasible in ^ce? 

2« What are the dtortcominct of chemical propulsion in r^ard to in-space u$t7 

3. What are two possible methoda of gathering electrical energy from tbe 
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4. SNAP tnd NERVA rtpr««it two dlffertnt «^P«PS^|^^^ 

power In Wtet do tbt letter* m«m, and wb»t fa tbe difference 

between tbem7 

5. What are ttie principal proW^ that must be »olted before nocJear-feactor 
power In space beomies jmctkal? 

ExpUii why, fa pcesetrt-day noochemkal rocket engfaies. hljb spedfk 
iznpolie b ^oesSAt only with lo^ tinnst 
7. How does an electrottatk rocket engine differ from an electromagnetic 
rocket csgfae? 

8 WtartiJuid wppUes the propdlant man foe each of tb«e typei of enj^oe: 
re^^^ J^NERVA, NLB, pUsma -(electromagnetic), solar lall? 

THINGS TO DO 

1 Discuss the implications of nonchcmical propulsion sj^tcms dc^'clopcd 
foT^ travel Sec if you can think of any way these developmcnis can 
help the millions of carthmcn who will never travel m space 

2, Calculate the time required for a space vchidc U> reach the ^ of 
uJiMif this is possSc). assuming the constant delta-V attamablc with 
propulsion means discussed in this chapter. 

• SLGGESriONS FOR FURTHER READING 

Space Handbook, Institute for Professional Development, Air University. 

Ma-rwelt Air Force Basc, Alabama, 1970. .... ^ 

S^T^tZ^^^ Force ROTC. Air University. MaxweU Air Force 

US^^oui'^r&lSative, Committee on Science «id Astronautics. 7972 
^AsTAu^hST^^^ru D.C.: US Government Pnntmg Office. 
1971. 
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I 

' - THtS CHAPTQt dMcribfs hi 4vm the physko! mtons by which th« flight of o 
tpQO^-vthkig ir cootrolW^^hr ^f V OW chcnhmn^H compirttr»-that^-proYfd»- 
th« Cnks btfwtm th«M controb ond liumon wHI to provtdt gvldoncv^ and* 
tho pHndpoi sysf«m$ for guklonc*: command, Intrtiol, ond ctUsttot After 
computing th« study of thU chopttr you should b« abl« to do tho foUowIng: 
(I) oxploin tho ^ifftr«nc*« bttwMn control^ guidance, and novtgotlon as 
oppIM to y p oce ci ufi j (2) compoiv tho .bosk functions of servomKhonlsmr 
b spoot systems and eveiydoy thtngs Hke axitomobilts, washing mochlnes, 
and som« heottng plants; (3) describe tho basic functions of analog and digHot 
computers; {4} comport, the problems of lourtch, mTdcburse^ ond tem^lnol 
guklance; and {5} descHbo the •ssentlal features of command, inertia!, and 
oelestkil guidance. 



XJE flight of a space vehicle is monitored and directed from 
Stan to finish by some kind of guidance and control system. Any 
vehfcle, traveling through any medium, must be actively steered to 

^its destination, unmanned spacecraft must get this steering through 
the direction of onboard electronic and mechanical "devices with or 
\yithout additional help from external monitors. * ^ 
While control and guidance arc ordinarily thought of as occur- 
ring together, the functions are actually separate and distinct, The 
guidance function may be identified as navigation— determining 
the relationship of the space vehicle to the planned flight path, and 
generating a corrective signal when a deviation occurs. The control 
function may be identified as steering — accepting the corrective 
signal and changing the vehicle *s direction of 'flight so as to get it 
back on the right path. 
In this chapter we shall consider the systems— on the ground 

^ and aboard the vehicle — by which control and guidance of space 
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vehicles kic accomplished This could be a highly technical sub- 
ject, condpming mechanisms that are for the most part electronic 
and extremely complex. Our discussion, however, will be limited 
to the broad principles on which these mechanisms operate. The 
next and fikal chapter will consider the art of guidance ii^ harmony 
with the tdtces of gravitation or celestial mechanics. 

In astronautics, however, the distinctions between control and 
^dancc tend to be blurred. It is hard to distinguish the points in 
a space vchible's electronic circuits where one function ends and 
another begins. For our purposes, it ,is better to think of these 
functions as being performed by one continuous system. In such 
a system, a command generates a signal; this signal flows through 
the computer to a scrvomwjia^ism, which converts it into a physi- 
cal action such as a sligl/swiveDbg of a rocket nozzle. The new 
position of the rocket noAk/^i^p6 becomes an item of mformation 
that is **fed back" mto thfeVe^^ntrol and guidance system, just as 
navigation data is fed into tie same system. 

Despite all this automaton, the astrcmaut faces a complex con- 
trol panel (Fig. 331 au d^ust perform tasks* related to the navi- 
gation and guid^nccof his ship. Astronautics is one field, further- 
more, in whici future developments may lead to sli^tly less rather 
than more autbmation. Wernher von Braun, among others, has 
expressed the opinion that for certain maneuvers the astronaut of 
the future should be given more rather than less manual control 
over his vehicle. An astronaut's ability with mathematics, however, 
win never tax^e place of the computer. 

^ PHYSICAL CONTROL OF SPACE VEHICLES 

As in the case of guidance and control, the distinction may be 
blurred between propulsion and control; for propulsion is the means 
by which control is accomplished HowevCT complex the control 
and guidance system is, it ends at the rocjcct nozzle. Thrust and 
thrust alone can change or correct the motion of a space vehicle. 
Essentially, the controller can steer either by aimmg the thrust in 
different directions or by regulating the thrust output Remember, 
in space, a change m velocity brings on a change m pathways. 

If thrust is necessary for control, what about satellites following 
certain prescribed orbital ^paths without the help of mdtors? The 
accuracy with which a motorless space vehicle follows an orbit or 
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trajectory depends upon the accuracy with which it is first launched 
or injected. Various' foi;c^ win, however, eventually pull the ye- 
hide off course pr produce an orbit decay to the point wl^ere a 
satellite will re-e^ter the atmo>phere and beniestroyed. Motorless ' 
satellites have their uses, but \\^ simple fact is that without propul- 
sion there is no control. Control must be exerted Muring the launch 
phase. To alter a space vehicle^s course, ^here must be some means . 
of rocket propulsion still attached to the vehicfe. 

4 

Main Engine ThrusC Modulation and Termination 

Thrust modulation, as we learned in Chapter 3, is better 
achieved with liquid-propellant than with solid-propellant engines. 
Just as an automobile or airplane engine can produce various lev- 
els of power b> use of the 'throttle, so can the hquid-propellant 
engine produce varying levels of thrust by means of the valves 
and other controls over the flow of propellants in its feed lines. 
The liquid-propeJj[4nt engine is also easy to start and- stop. One 
method of velocity control that is used with liquid-propellant en- S 
gines is the firing of bursts of the same intensity but different 
^ durations. This method may be combined with high-and-low 
thrust modulation to produce a desired velocity change. A solid- 
propellant motor, with its burning pattern and time curve built 
into its grain, has no thrust modulation capability. It has a fairly 
accurate means of thrust termination on command, but its restart 
capability is still largely experimental. 

Thrust termination, or stopping the engine, is an aspect of 
control that is of particular importance. To put a 'vehicle into a 
specified orbit or escape trajectory, ascertain burnout velocity must 
be achieved. The word burnout suggests simply exhaustion of the 
propellant supply of a given stage. In first stages, the rocket mo- 
tors usually do burn to depletion. In upper stages, to insure ac- 
curacy oj^the vehicle's velocity, the engine usually must be shut off 
at a precise instant, whether it is approaching actual burnout or is 
to be restarted later. 

The liquid or hybrid engine, of course, is shut off by closing of 
valves in feed jines. Shutting off combustion in a solid motor is a 
little more difficult. It is done by suddenly reducing combustion- 
' chamber pressure below the critical pressure value for that par- 
• ticular motor. When this happens, the motor will, in effect, blow 
itself out. (Remember, there can be no smothering of a fire that 
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carries its own oxidant as well as fuel. A destructive explosion 
might result if it were attempted.) As we mentioned in Chapter 3, 
there are various ways of suddenly depressurizing a solid rocket 
motor. The nozzle can be blown off, or gases can be vented for- 
ward or out the sides of the motor. A water injection technique 
has been tested that quenches combustion and allows restart of 
the motor. After shutoff of either a liquid or a solid motor, but 
especially in the case of the latter, combustion and thrust do not 
cease immediately. There is still some leftover or "residual" burn- 
ing, producing low-level thrust. The amount and character of this 
residual burning, however, is a known quantity and can be com- 
puted in a thrust termination sequence to achieve a precise bum-: 
out velocity. 

Thrust Vector tnd Attitude Control 
Steering or thrust vector control can be accomplished with main 
engines and also with auxiliary or vernier engines. Attitude control 
is accomplished by vernier engines or smaller devices. 

Thrust vector control with main engines.— As long as the 
main direction of thrust is on a line through a vehicle's center of 
gravity, the vehicle will continue to move in a straight line. If the 
thrust is aimed to one side of the center of gravity, the vehicle will 
turn like a lever on its fulcrum and change direction (Fig. 34). 
' The powerful thrust forces of a vehicle's main stage must not be 
deflected too sharply or stress could destroy the vehicle. Another 
complication that must be computed by the vehicle's control and 
guidance system is the fact that, as propellants are consumed, the 
center of gravity itself shifts. The nature and direction of this shift 
depends upon a number of structural factors and the location of 
the. main fuel tanks or solid-propellant grain. 

Thrust vector control of some liquid-propellent engines can be 
achieved by mounting the whole engine— chamber, nozzle, and 
associated plumbing— on a flexible mount or gimbal and tilting the 
whole engine with the help of hydraulic or pneumatic devices. 
Other means of thrust vector control are also used, and must be 
used with solid-propellant motors. The nozzle' itself can be gim- 
balled; or a liquid or gas can be injected under pressure into the 
exhaust stream to deflect it; or a collar-like device called a jeta- 
vator can be placed around the nozzle exit and swiveled off center 
so as to encroach upon the exhaust stream and deflect it; or de- 
flecting vanes can be placed within the nozzle. 
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Figur* 34. Stetring of th* rocktt Is occomplishvd, in this sch«motic drowing, by 
turning th* von* (c*nt*r of *xhoust flow) to r*dir*ct th* *xhoust to obtoin o n*w 

thrust v*ctor. 

StDl another means of thrust vector control is to rotate the 
whole vehicle by means of auxiliary motors before firing the main 
engine in a new direction. In this fashion, the vehiclfe can even be 
turned around completely so that the main motor nozzle is aimed 
forward for braking or retrothnist. 

Auxiliary or vernier engines. — In addition to the main thrust- 
tors of a booster or upper stage, small rocket engines, can be at- 
tached to a vehicle. Such engines are called vernier engines after 
Pierre Vernier (1580-1687), a French mathematician who in- 
vented a device still widely used today to obtain a fine fractional 
reading on an instrument. In recent years, the name was given to 
rocket engines designed for making fine velocity or attitude-con% 
trol adjustments in a booster or space vehicle. Vernier engines 
are' often mounted on the vehicle in sets of three or four, spaced 
widely apart for better control effect. 




control, as we mentioned in 
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Chapter 1, means changing the position of a vehicle in relation to 
its line df flight. It may be needed to position a main engine for 
the purpose of thrust vector control as mentioned above, or it can 
be used for such purposes as aiming a rigidly-mounted cahiera or 
sensing device, aligning a solar paddle for maximum energy in- 
take, or stopping undesirable vehicle motion suth as rolling or 
tumbling. When low levels of thrust of brief duration are thus 
employed, they have no effect' on vehicle direction or velocity. It 
is not practical to use the thrust vector control of a main engine 
for attitude control purposes. Vernier engines, however, have that 
capability. Sometimes very small rockets are used for attitude ^con- 
trol only (Fig. 35). 

Some devices of even lower thrust are used for the most delicate 
attitude-control adjustments. These can Hardly be called "motors," 
although technically they might, be so called. Bottled gases und6r 
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pressure can be vented out various exterior points on the vehicle 
for this purpose. A little puff here and a little puff there are enough 
to change attitude or steady a large but weightless vehicle. A de^ 
vice called a cap pistol features a plastic tape wound round a 
small cylindrical structure. In the tape are imbedded tiny pieces of 
solid propellant, each^ which, when ignited, exerts a force said to 
be about equal to that of quiet human breath. The device can 
produce or arrest a slow rolling motion of the vehicle. Some of the 
low-thrust devices discussed in Chapter 4 also are used for attitude 
control. Such devices are much less spectacular than a 7.5 million 
thrust pound Saturn booster, but space progress depends upon 
development of means of controllable thrust at all levels. 

SERVOMECHANISMS AND COMPUTERS 

Behind the rocket engine lies a system of electronic links, either 
through wires or radio transmission, that make it behave accord- 
ing to, a guidance plan. The system includes servomechanisms — 
automatic devices for controlling large amounts of power by means' 
of very small amounts of power and for automatically correcting 
performance of a mechanism. The word is used here broadly to 
mean any kind of automatic mechanism that can translate a signal 
into a physical action. Behind the servomechanisms lie computers, 
which receive, compare, and analyze information signals and relay 
them as command signals. 

Some Everyday Comparisons ^ 

Such systems come in great variety, and no particular one is 
described here. It may be helpful, rather, to consider some of the 
common servomechanisms or automatic control devices that sur- 
round us in our everyday lives, and compare these in' a general 
way with space guidance mechanisms. 

Power Steering and Feedback. — The power steering system 
of an automobile is an example of a servomechanism. The purpose 
of power steering is to reduce the human physical effort of steering. 
Therefore, the driver's steering wheel is not physically connected 
to the front wheels of a car. It is, in effect, a signal dial, like the 
dial of a telephone, and its function is to "tell" the steering mecha- 
nism which way to go. It does this by generating an "error" signal 
to indicate a mismatch between its position and that of the car 
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wheels. Note the use of the word ''error*' in this description. It is 
not always used in the sense of ''mistake'' or "something wrong," 
but can be merely a routine or artificially-produced difference .be- 
tween "is" and "should be," which quickly produces its own auto- 
matic correction. As such, "error" is the essence of automatic mech- 
anisms The signal generated by a driver's hands on the steering 
wheel might also be called a ''command." In aerospace usage, 
however, command usually means a remote signal transmitted by 
radio. An automobile^ power steering system also employs the 
principle of automatic feedback. The driver applies the input sig- 
nal. The position of the wheels is feedback to be compared with 
the input to generate the error signal, and the power system re- 
directs the wheels to 'Correct" the "error," Similarly in a space ve- 
hicle, electronic information flows two ways between a, computer 
and the end mechanism such as a swiveling rocket nozzle. The 
feedback flow informs the, computer of the chaAge that has been 
made and establishes a reference for future changes. The essen- 
fials of the power steering servomechanism are sh6wn m Fig. 36, 

Washim. machine and timed srquENCE. — Another common- 
place item that offers a comparison with part of an aerospace ve- 
hicle's control and guidance system is a domestic washing machine. 
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Figure 36. The power steering 


mechanism in 



the every day uie of a lervomechoniim When the iteering ihaft twiiti, on engine- 
powered hydraulic cylinder helpi iteer the wheeli. 
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It follows a timed sequence of operations — so many minutes for 
wash, so many for rinse, and so forth. Some launch vehicle guid- 
ance systems work predominantly on this kind of timed sequence 
principle. With advanced knowledge of engine power and per- 
formance, vehicle weight, atmospheric density at different altitudes, 
and other factors, much complicated computer work is done in 
advance. Thus, the vehicle is programmed with a time schedule. 
Rate of acceleration is known; the vehicle's position in space is 
calculate as a matter of so many seconds of elapsed time. The 
sequence of commands for changing direction, engine cutoff, re- 
start, and so forth, also occurs on a time schedule. Since the system 
provides for no way of correcting errors, however, it usually must 
be combined with inertia] or other guidance systems: These systems 
will be discussed later. 

Thermostat and error signals.— One simple device, found in 
a great many homes,'^ls us much about error signals in servo- 
mechanisms — even about digital* computers. A thermostat, such as 
governs a typical gas or oil domestic heating furnace, incorporates 
a thcrmoifleter. The thermostat is "programmed" by being manu- 
ally set to a desired temperature. When the thermostat senses that 
the actual temperature has fallen below or risen, above the desired" 
temperature, it sends an error signal to the furnace. There are com- 
plex systems by which a furnace can be modulated for higK and 
low flame, but the ordinary home system is of interest because of 
its simplicity. Tt\Q fire has one level of intensity and responds to 
only two error signals: "too hot" and "too cold." By means of 
automatic switches, these error signals are translated respectively 
into "off and "on." 

Quite a few space vehicle mechanisms operate by simple "off 
and "on" switching, responding to various, "go" or "no go" sig- 
nals. A digital computer operating on the binary number system, 
is really a highly complex array of "go" or "no go" circuits. 



Engineering problems more than 'l^ck of scientific knowledge 
delayed the beginning of the space age^until the late 1950s. By 
the end of the '50s, two breakthroughs had been made that were 
to make astronautics and satellites possible. These breakthroughs 
were (1) the development of large booster rockets powerful 
enough to launch a vehiclfe into space, and (2). the develbpment 
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, of highspeed elJcironit computers. We have already considered 
the importance Af big boosters, and without computers, man could 
neither design sphce systems nor guide and control their opera- 
tions with the needed precision. 
, Many types of computers are used to guide space vehicles, and 
some of them are quite complex. Components may be located 
on the ground, aboard the vehicle, or both. We shall not descrilife 
any one specific computer system here, but rather discuss the 
broad concepts. The principal classes of computers are analog 
and digital. The most useful and simple distinction for the layman 
to remember is that analog computsQ tneasure and digital com- 
puters count. ^ 

Analog Complters. — Analog computers operate from directly 
measurable quantities, such as voltages or electrical resistances. In 
some forms they might be called electronic slide rules — or a slide 
^rule might be considered a manual analog computer. The very 
finest of slide rules, however, is still an estimating device which 
offers no fixed numerical answers. In an electronic analog com- 
puter, similar values can be represented by variable voltages, using 
the potentiometer principle. A simple example would be an auto- 
mobile speedometer. The speed with which the car wheels turn 
generates a voltage comparable or analogous to it which registers 
' as miles per hour on a dial. Similarly, numerical values can be rep- 
resented by voltage levels on a continuous scale. For example 1 
volt might represent the number I, 12 volts the number 12, and 
80 volts the number 80. In an instrument of some precision, even 
a value like 67Vi could be represented by 67V4 volts. Nevertheless, 
the function, like that of a slide rule, would be that of measuring 
or estimating rather than counting. 

Two properties of the analog computer make it particularly im- 
portant in support of space operations. First, the analog computer 
deals with continuous functions, and thus is more capable of rep- 
resenting physical processes than is a digital com^j>uter. Second, the 
analog computer can directly sense changes in physical systems 
without having to feed its data through an encoding device. This 
latter ability means the computer can be coupled directly to the 
output unit of an electrical sensor on a space vehicle and can per- 
form a series of tasks based upon changes in the output voltage 
from the sensor. 

JRie disadvantages of the analog computer are that its degree of 
uracy is not as precise as that of a digital computer, further, the 
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analog compuiefs accuracy is limited not only by the tolerances lo 
*which It can be built, but by the ability of its components to re- 
main stable despite changes in environmental conditions and the 
passage of time. ^ 

Digital Computers.— Digital computers operate , with distinct 
entities or digits rather than with continuous processes. Their 
accuracy 'depends on the size of the registers they use in per- 
forming their operations. (A computer register is an automatic 
device that keeps track of the numbers used in each computer 
operation.) For> ^xampk. a digital computer whose registers can 
hold eight digits is more accurate than one whose registers only 
accommodate four digits. 

The digital computer does not operate in a smooth, continuous 
process, but through a scries of distinct, detailed steps. The op- 
erator must -nell" the digital computer precisely what to do in 
each step, no matter how trivial that instruction may seem. 
The list of instructions for each computer operation is called 
the program, and these programs can be very lon| and complex 
The time it takes to prepare a long computer program can be 
considerable, and once written, the program is hard to change 
While humans are accustomed to communicating in words, com- 
puters jund^erstand only numbers. So several *'lang:uages" have been 
devised to^^ridge the communications gap between man and 
machine. These hmguages are used to prepare the programs and 
are translated into digits by an intervening computer program 
called the translator. The translator also changes the machine's 
digital communication into program language easily understood by 
the human operator. 

Digital computers operate under the binary number svstcm, 
which means that they are only concerned with two digits, 1 and 
0. The numbers regulate the flow of electrical current through the 
computer in such a way that any number of calculations may be 
accomplished. Depending on how the machine is 'programmed and 
for what purpose, the flow or blockage of electrical current can 
mean "yes" or **no." "go" on "don't go." "male" or "female." 
**over 21 years of age" or "under 21 years of age." or whatever 
else the instructions have, dictated, ^n addition the binary num- 
ber system permits almost any kind of numerical calculation, from 
large, numbers to fine fractions. 

Because they are so versatile, digital computers are used in 
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almost every aspect of space programs, from basic design of 
boosters and payloads to analysis of data after the mission is com- 
pleted. They monitor the status of the vehicle prior to and during 
launch, control the flight into orbit or deep space trajectory, ^d 
calculate de-orbit points and re-entry maneuvers. 

Physical miniaturization is a very important breakthrou^ in 
computer technology, permitting finer computations in the bmary ^ 
system ajid also pennitting digital computers to be carried aboard 
the spacecraft rather than limited to ground use. Tiny circuits 
can be imbedded in little pieces of plastic, transistors range down- 
ward in size to chip transistors so small that a dozen or more could 
be arranged on the eraser of an ordinary pencil. Numerical posi- 
tions — meaning positions that will either pass or block electrical 
current— can be tiny conductive or nonconductive dots on mag- 
netic tape, or on drums or disks to provide a memory bank. In a 
command guidance system, ground installations can house the 
larger and more elaborate computers, \\ui on-board digital com- 
puters are found on all the more advanced spacecraft and launch 
vehicles of today! The Apollo vehicle, for instance used an on- 
board digital computer for flight control and navigation. 

OllDANCtOF \tHKiK> 

Vehicle guidance is a process that begins with human will. In 
the case of an automobile er aircraft^ the will is that of the driver 
or pilot, and can be changed at any moment If the auto driver 
suddenly decides to turn left at the next intersection, or a pilot 
decides to change heading by 9Q degrees, their manual controls 
allow them to implement these decisions without having the whofe 
guidance system overhauled or reprogrammed. 

In space travel as we know it today, such exercise of whim is 
Imp^Siljle. Not only tremendous costs but the very laws of nature 
demand UiaNguWance be almostxpmpletely automatic and that 
every journey be {planned in advance to the last detail. The guid- 
ance plan is a complex mathematical problem worked out in ac- 
cordance with the laws of celestial mechanics (as discovered by the 
great seventeenth-century scientists mentioned in Chapter ,1 and 
refined by scientists of later generations). Specified orbits and tra- 
jectories must be mapped out and entrances to these chosen 
pathways must be exactly timed. Computers arc the heart and soul 
of the system. 
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Figure 37 shows in simplified foqn how a computer might 
function during guidance of a space vehicle in flight. The sensor 
may monitor any number of functions or conditions of the space 
vehicle, such as pitch, speed, or attitude. The sensor feeds its 
information into the computer, where it is encoded to com- 
puter language. From the encoder, the information goes into the 
memory circuit, which records it for possible future reference. 
The information then goes into the computer's calculator/com- 
parator, the heart of the computer, also known as the central 
processing unit. This unit compares the information with guidance 
instructions programmed into the computer earlier. If the informa- 
tion represents "error'* — that is, if it sa:ys that what is really hap- 
pening is not the same as what was supposed to happen— then 
the computer generates a "change" signal designed to correct the 
error. This change signal goes through a servocontrol, which acts 
on it by altering the flight controls. The process continues, with 
the change "feeding back'* to the sensor, which monitors con- 
stantly. When the sensor gives the computer information that is 
no longer "in error,** when the computer agrees that everything 
is back according to plan, the computers "change** signals turn 
off. 

In our discussion of guidance systems, we will relate them to 
the different phases of space flight, for simplicity's sake. The phases 
of space flight are laimch, midcourse, and terminal. Each phase 
has its own unique problems. 
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The launch Phase , 



The launch phase lasts ^ from liftoff to injectidti. Propulsion, 
and * therefore acceleration, is . going on constantly throughout 
this phase. Other factors keep changing too. Atmospheric pressure 
decreases with altitude, and other atmospheric effects are ex- 
perienced during the early part of the ascent. Winds and turbu- 
lence force delicate corrections to maintain stability, attitude* and 
course. The program for an ascent into orbit begins with vertical 
ascent, then a roll to the desired azimuth and a slow pitchover 
so that the vehicle will be* at the correct elevation angle for in- 
jection into orbit when the pprrect altitude and velocity are 
reached. While the booster is in the atmosphere, guidance and, 
control commands are kept to a minimum to avoid strain on the 
flexible body of the booster. As a stage approaches bum5&t. its 
mam engines are eut off and vernier rockets adjust the velocity 
to the prcffise burnout value desired. All of these actions create 
forces ofv Vhich an inertial guidance system can operate. 

For many purposes, launch-phase guidance may be the only 
guidance a vehicle receives. Just as a bullet is put on target 
cveo though it receives "guidance** only during the fraction of a 
second that it is still within the gun barrel, so an ICBM's ability to 
hit a target thousands of miles away depends entirely upon the ac- 
curacy of its launch phase guidance. Similarly, many unpowered 
satellites follow a prescribed orbit for a useful period of time as 
established b> an accurate launch. Theoretically, it may be possible 
to hit within a desired target area on the moon or another planet 
by means of achieving the proper vectors during the launch phase. 
Practical!) speaking, however, neither deep space navigation nor 
precise orbital paths are possible without midcourse propulsion and 
euidance 



The midcobrsc phase is essentially a coasting or unpowered 
flight. whetfH:r it be circling the earth in an orbit or speeding 
toward the jnoon or another planet. The vehicle moves along a 
path established by the launch but also is affected by the laws 
of celestial mechanics. The vehicle is weightless and no inertial 
forces are acting upon it unless thrust is applied to change trajec- 
tory or^rbit. If the vehicle were under continuous thrust by means 
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one of those electric engine*^ described in Chapter 4, the condi- 
tions as v^ell as the trajectory would be somewhat different, but 
most of the problems of mi^course guidance would be similar. 
In either case, some high-thrust rocket power is held in reserve 
for the hard pull of a correctional maneuver, if necessary. 

The most basic problem of piidcourse guidance is the fact that 
the midcoursc phase is of long duration, and small injection .errors 
increase with time. Careful navigation is therefor^ necessary, using 
tracking from ear<h stations or celestial guidance as- a reference , 
One problem is that of selecting the proper time to make a cor- 
rectional maneuver. The optimum time seems to be during the 
early part of the. flight, after enough delay to determine which 
way the vehicle is straving and to what extent. Too much delay, 
however, may result in the vehicle's getting so far off course that 
to get it •back on may require more thrust than the vehicle 
possesses. » 



The TcrminaJ Phase 

' The , terminal phase is that of putting the vehiqje on target or 
reaching ii destination. It might be a landing on the moon or a 
planet, a rendezvous with another vehicle in-orbit or deep space, 
or an earth reentry for a safe landing. An unnjanned satellite, 
of course^ might have no terminal* phase to its fUght at" all. It 
might simply be allowed to continue orbiting aft^r its useful life 
is over, until the orbit decays and tfte vehicle makes a fiery re- 
entry 'into the earth's atmosphere. Some planetary "fly-by" ve- 
hicles continue into solar orbit' or head ivio thi sun itself. If a 
safe reentry or soft landing is desired^^tremely accurate guid- 
ance is necessary. A guided cartJv<^Qt2demands precise ad- 
justment of velocity and attitude for entranchinto a narrow re- 
entry corridor only about 8 to 20 miles deep\(Fig. 38) and at 
the proper angle so that the blunt ablative haat shield is in a 
position to absorb thQ heat of atmospheric friction and decelerate 
the vehicle. Overshooting this corridor means going into orbit 
again or bouncing off the earth's atmosphere and flying out into 
space. Undershooting it means too steep a descent and ' total 
destruction. 
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Figur* 38. Manntd spacecraft rttuming from out«r %poc9 had to shoo! 
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TYPES OF GUIDANCE SYSTEMS 

' If this, discussion were to include guidance systems for all kinds 
of rockets and missiles as well as for launch and spacecraft, 
the list would be quite long and complicated. Most of these 
would be military weapons of varying ranges. Most would op- 
erate with aerodynamic rather than thrust vector controls, ^eing 
equipped with movable airfoils (called elevons or ruddervators) 
and sometimes wings. ^Guidance systems would include infrared 
homing or heat seeking, radar homing, radar command, radio 
coifimand. television, and even one called map matching, by 

. which a programmed map is compared with radar signals as the 
missUe flies along a planned route. Since we are limiting our 
discussion to launch and space .vehicles, however, wc need to 
consider only three basic types of guidance systems, which are 
used Singly or in combination: command, inertial and position 
fixing (celestial). 
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Commsmd Guidance 



Perhaps the type of space guidance system that seems most 
practical at first glance is the command guidance system. Like all 
the others, however, it has its advantages and disadvantages. In 
such a system, ground ^stations continuously tradr-the vefiicle by 
various methods, including optical telescopes, radar, radio, and 
other sensor beams. Ground based computers continuously com-'' 
•^pare the vehicle's actual and programmed tracks and generate 
torrection signals when errors are detected. These are relayed tdC 
the vehicle as command signals. Command guidance can be usefifl 
in ^ launch, midcourse, and terminal phases of space flight (Fig. 

Certain disa'dvantages of command guidance must be men- 
tioned. One is the fact that the ground system must be very 
elaborate, expensive, and sometimes deployed world wide. A sin- 
gle ground station located 'at the launch site would not be able 
to complete the launch phase if dependence were enUrely on com- 
mand guidance; the vehicle; flattening its ^trajectory as it ascends, 
would be <^ver the horizon before Ifoster vbumout. Another sta- 
tion, perhaps a ship at sea, must, pick up the track, and still others 
in turn, located around the world, track the vehicle in ordS^ 
determine its need for guidance. The fact that th^ earth rotates 
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requires that stations be deployed around it to follow a vehicle 
bound for the moon or a planet as well as one in earth orbit. 
In peacetime, the cooperation of many friendly nations must be 
secured to complete a tracking and guidance network (Fig. 40). 
In wartime/tassuming the system might be useful for military pur- 
poses), the^ system would not only be vulnerable t9 attack, but 
its very flow of radio and radar signals through aerospace could 
b€; easily jammed or confused by an enemy. 
^ constant problem. of command guidance is distance. Gen- 

^ erally, communications are reliable within cislunar space (literally 
"this-si(3e-of-the-m0on" space — out to about 250,000 miles). Sig- 
nals gef weaker and interference increases at interplanetar>' ranges. 
Nevertheless, unmanned flights to Mars and VeniJr have been 
accomplished with the help of command guidance. 



Some of the disadvantages of command guidance mentioned 
above are overcome by an inertial guidance system. Long range 
military missiles use it because it is completely self-contaiped and 
broadcasts no signals for an enemy to detect or jam. In space 
flight, inertial guidance is especially useful during the launch 
phase. It is less useful in the midcourse phase except as an at- 
titude reference device, but elements of inertial guidance can 
be used with other forms of guidance in all phases of space 
flight. 

Being self-contained aboard the vehicle, an inertial guidance 
system uses no ground components after launch. Furthermore, it 
operates without knowledge of or reference to the outside environ- 
njent exeept for initml data .programmed into it before launch. In 
Chapter 1, we defined inertia as the phenomenon described in 
Newton's First Law of Motion: the tendency of a moving body to 
stay in its path and maintain the same speed, resisting forces 
that attempt to change its direction and velocity. Inertial guidance 
is based on this law. 

A common experience of inertial force is that of a passenger 
m an automobile, who feels himself pressed to the seat^ back 
. when the car accelerates, drawn forward when the car slows 
down, and pulled sideways when it rounds corners. He also 
experiences up-and-down sensations when the car passes over a 
hump in the road. Thus inertial forces in all dimensions are sensed. 
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as long as direction or velocity is changing. If the car is traveling 
smooth and level on a straight road at a constant velocity, all 
inertial foyccs are zero and no sensation of movement is felt. 

The writer of a TV crune or spy thriller might una^e a situa- 
tion in which a blindfolded passenger in an automobile cleveriy 
figures out where hb kidnappers are taking him by making men- 
tal 'notes of his inertial senations as the car speeds up, slows 
down, and turns right or left. If this notion is too far fetched even 
for a TV writer, it is nevertheless true that a launch vehicle 
under inertial guidance is "blindfolded" and "knows where it is" 
by measuring the pulls and tugs of inertial forces. 

Two essential components of an inertial guidance system are: 
(1) accelerometos which measure acceleration or gravitational 
forces that cause acceleration; and (2) gyroscopes to indicate the 
vehicle's orientation. On some vehicles, the accelerometers are 
mounted on a platform stabilized by means of gyroscopes. Some- 
times the accelerometers themselves are gyroscopes, although 
other means of measuring forces may be used 

AccBLBROMBTBR,— The typc of accelerometer called sj^ring mass 
provides the simplest iUustration of the accelerometer principle. 
Think of a weight or mass suspended within a box on two 
springs. If the box moves and accelerates, the inertia of the mass 
will cause it to lag behmd. If the box slows down, the mass wiU 
push forward. If the box continues to move at a steady velocity, 
the tension of' the springs wiU keep the mass at a neutral or zero 
position. Attach a pointer to the mass and a calibrated scale 
along one side of the box, and the device can actually measure 
positive and negative acceleration along the line of movement. 
The spring-mass principle is good for illustration but is too crude 
and inaccurate for space vehicle use. Another method suspends 
a weight in a lubricating medium and measures its movement by 
a magnetic coil. Still anbther employs the gyroscope principle, 
described below. 

Whatever the means of measuring the acceleration, this informa- 
tion must be integrated by computer to provide guidance. Digital 
computers perform this function, in the more advanced space 
vehicles of today. Through servo-mechanisms, the computer ac- 
tuates both attitude and thrust controls. 

However complex the system behind it, an accelerometer can 
measure acceleration alorig one axis only. To measure inertial forces 
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along another axis, another accelerometer is needed. Three ac- 
celerometers, however, are enough. When these are mounted 
in such a way that no two axes are parallel, they can be integrated 
to provide information on any force applied in any dimension. 
The three accelerometers, of course, must be mounted on a' plat- 
form that maintains rigidity in space. Therefore, the gyroscopes 
that maintain proper reference for the accelerometers are as im- 
portant as the accelerometers themselves. 

Gyroscope and the inertial platform.— A spinning top will 
not tip over as long as it is spinning, and a bicycle can be balanced 
on two wheels as long as it is in motion. It is this tendency of a 
whirling mass to be spin stabilized that is the basis of the gyro- 
scope. When the gyroscope, a heavy Wheel similar in principle to a 
spinning top, is mounted on a frame which can swing freely in one 
dimension on gimbals, it is called a single-degree-of-freedom gyro- 
scope (Fig. 41). One pair of gimbals^an be mounted on an- 
other to give the gyro two degrees of freedom. Spinning gyros 
maintain what is. called rigidity in space. When located on earth, 
they do not remain spinning in an upright position but appear to 
lean or precess more and more over a period of hours. This is an 
illusion. Actually, the earth is rotating and the gyro is Remaining 
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Figurt 41 Th* spinning gyroscopt is ustfu) in providing stobiiity to its spoctcroft. 
This is o singlt*dtgr#«-of-frttdom gyroscope. 
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Figure 42. Gyroscopes mounted in an inertia I platform help to itabilize the space 

vehicle. 



in the same attitude in space. On a space vehicle, gyros can be 
mounted to provide signal? to keep a platform mount rigid in 
space, and thus provide a stable reference platform for acceler- 
ometers. Besides providing a platform for accelerometers, the gyros 
also perform an attitude control function of their own. Small sen- 
sors mounted at the gimbals- can measure the angle of precession 
and thus provide data to attitude control thnistors. Thus the plat- 
form not only keeps itself stable but also helps stabilize the vehicle 

(Rg- 42). . u 

Uses of inertial guidance. — good many techmcahtics have 
gone unexplained in the foregoing description, and various prob- 
lems have not been mentioned. Nevertheless, we have indicated 
that it is possible for a vehicle to 'feel" its way through space and 
know its position. Inertial guidance is effective during the launch 
phase, because during that phase the vehicle is continuously ac- 
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celerating. During the- midcourse phase, as long as unpowered 
flight is maintained, an inertial guidance system cannot provide 
full guidance to tlie vehicle. When correcUve maneuvers must be 
made, however, thrust forces come into play temporarily, and 
inertial guidance assists other guidance systems to accomplish 
the correction. 

POSITION FIXING OR CEI.ESriAL NAVIGATION 

We have described twD guidance systems, each of which pro- 
vides the controllers of a vehicle in space with knowledge of that * 
vehicle's position in space as a necessary prior step to directing 
the vehicle's further movement in space. It would seem likely 
that time honored methods of establishing a ship's or aircraft's 
location by reference to the sun and stars could also be used for 
guiding or navigating space vehicles. 

Fixing the posiUon of a ship at sea by celesUal observation is 
essentially a two-dimensional problem, for the ship is located on the 
surface of an ocean. Even celestial aircraft navigation is still es- 
sentially a two-dimepsional problem, since it is that of determining 
the position of the aircraft on a map. A sextant or similar sighting 
instrument, aimed at the sun or at a certain known star, pro- 
vides information on latitude and local celestial time. Comparison 
of local celestial with Greenwich mean time (accomplished since 
old sailing vessel days by a highly accurate clock called a chron- 
ometer) provides the means of locating one's lonptude on a ro- 
tating globe. 

CelesUal navigation in space is a three-dimensional problem that 
has interesting complications. One problem is that only one arbi- 
trary time can be used, not a comparison between Greenwich 
and local time, which is a function of earth's rotation. The Apollo 
missions, for instance, constantly referred to "time iiho mission"— 
that is, time since launch. That was the "arbitrary tiiriK" used for. 
all purposes requiring a time factor. Another problem of celestial 
navigation is that there is no gravity by which a space vehicle * 
can establish a plane of reference caUed "horizontal," from which 
it is possible to measurelthe angle of elevation of a star. Another 
is the fact that a spacy vehicle's attitude need not be related to 
its line of travel. Still another problem is that the stars, with the 
single exception of the sun itself, are so distant that any kind 
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of tnangulation or reckoning by measurement of angles between 
them would only establish the vehicle's position as "somewhere 
in the solar system" but with hardly any greater degree of ac- 
curacy. Even the sun is too^dlstent for position fixing to the de- 
sired degree of accuracy, without reference to a near body. ' 

Accurate position fixing within the solar system, especially in 
cislunar space, would have to be done with the aid of near 
bodies — the earth, the moon, or the nearest planets. This re- 
quirement introduces a new difficulty, for the near bodies them- 
selves are in motion. A c^plex table showing location of earth, 
moon and planets in tlM^^-dimensional space at different times 
must be programmed into the computer system of any space ve- 
chicle thaHntends to use celestial navigation. 

Difficult as it may be, however, it is possible to locate a vehicle 
in space by celestial observation. Here is how it can be done. 

Assume you are aboard a vehicle somewhere in cislunar space, 
and you wish to t>inpoint your location in order to make sure you 
following your programmed course. With accurate optical in- 
s^ments^ aboard the vehicle, you take a line of sight on the cen- 
/Qt of the earth and another line of sight on a bright star and meas- 
\ure the angle between them. Anywhere in cislunar space, one 
Ime of sight to a given star would be— practically speaking— 
pL-allel to another. The angle of sight to earth would vary with 
thl vehicle's position. But there are many positions, near and 
far^^m the earth, where the angle between earth, vehicle, and 
star would measure the same. All these possible positions would 
fall along the surface of an imaginary cone with its apex at the 
-center of the earth. The apex angle of the cone is twice the sup- 
plement of the angle between earth and star. (A supplement is 
the amount by which ''an angle fails short of 180^) The vehicle 
is now located somewhere on that cone, called a cone of posi- 
tion <Fig. 43). Obviously this observation is not enough. 

The next step is to pick another star and establish a second 
cone of position, also with its apex 'at the center of the earth. 
The two cones will intersect along two lines. The vehicle is now 
located somewhere along either of two lines of portion (Fig. 
44). A third star and cone of position from the earth would 
answer the question of which one of the two lines is the correct 
one; but as a rule this observation would not be necessary. One 
of the two possible lines of position would be so far off tlfc pro- 
grammed course that it would be disregarded. You still have not 
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solved the problem of where >ou are, however. The vehicle is not 
located in space until it is knovvn exactly how near or far from 
the earth it is along that line of position radiating from t^e earth. 

If you now sight to the moon and a star instead of Ihe earth 
and a star, and establish a cone of position with apex at the moon, 
the problem i solved. The point where the established line of 
positipn radjMing from the earth intersects the new cone radiating 
from the ifioon is the vehicle's location in three-dimensional space 
(Fig. 45).\ 

Th^ method just described has some serious drawbacks. Since 
the vehicle would be moving at a high velocity, the three obser- 
vations would have to be taken simultaneously. The mathematical 
computations, furthermore, would be a rather tough problem even 
for a sophisticated computer. Therefore, a more practical short- 
cut method is preferred. We have alreadv mentioned the use of a pro- 
grammed or pre-computed course as a shortcut for making a 
choice between two lines of position. It is also possible to take 
only one cone of position at a time and compare successive cones 
with a preconiputcd course to determine how well the vehicle 
is staying on course and how much correction might be needed 




Rgww 45. A <*«finHi fix ia tpoc* eon b* obtolntd if a third coo« of poiHion it 
6rxswn, thti oo« with iU ap«x oo th# moon lnit«od of th# •orth. Wh«r« tht •»tab!lth»d 
{in* of pofiHoo hximrfcit th« n«w con. of porftion it \h% vthid^'t location in tpoc*. 
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f 0 be still more pracUca] about it, midcourse ^dance of a ve- 
hicle- on a lunar or interplanetary journey would not be done 
purely by celestial observaUon nor purely by comparison of ac- 
tual and precomputed celestial observaUon. It would involve ele- 
ments of inertial and command guidance as well. 



SUMMARY 



Dir^g the movement of a vehicle in space is a matter of 
control-the actual physical steering of the vehicle_and guid- 
an(»-the use of automaUc means of making the controls respond 
to human will to reach a ^ven destinaUon. SomeUmes the term 
navigauon ,s used, although that is lisually understood to mearf 
position fixmg as a step in guidance. 

However complex a control and guidance system may be, it 
. ends at a rocket nozzle. Thrust and thrust alone can change or 
corr^ the moUon of a space vehicle, either by the way it is 
aimed (thrust vector control) or its oufput regulated.- 

Of particular importance is the matter of thrust termination 
shuttmg off the motor at a precise moment when a desired bum- 
out velocity has been achieved. Liquid-propeUant motors can do tiiis 
more efficientiy than solid-propeUant motors, but an accurate se- 
quence taking residual burning into account, can be determined 
for either type of motor. 

nmist vector control is achieved either by rotating the whole 
engme on gimbals, the usual method with liquid-propeUant en- 
gines or by various means of deflecting the thrust tiiat are prac- 
Ucal for hquid or solid motors. In addition to their mam enrines 
space vehicles are usuaUy equipped with auahaiy or vemie^ 
engmes for eitiier tiinist vector or attitude control. Fmer adjust- 
ments can also be achieved with even smaller devices capable of 
changmg attitude in vehicles tiiat may have considerable mass 
but are weightiess in space. 

Behind die engines and devices capable of physically controUing 
^ ^Ju I servomechanisms and computers which link them 
with .guidance systems. These are analogous to some of the com- 
mon automatic devices encountered in everyday life. Power steer- 
ing of an automobile works by error and feedback. A washing 
machme works by timed sequence. A tiiermostat provides an ex- 
ample of simple "off and "on" response to an error signal. A 
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space vehicle possesses numerous mechanisms that work on the 
same principles and in turn are regulated by computers. 

The two ba^ic types of computer are the analog and the digital. 
The apalog can perform mathematical functions similar to those of a 
slide rule, measming quantities by variable voltages. The digital 
deals in fix^ numerical sums, operating on the binary principle, 
using conducting and nonconducting positions to indicate 0 and L 
Miniatimzation of circuits as well as memory and storage de- 
vices permits a wide range of mathematical operations to be accom- 
plished in a tiny fraction of a second. Computers on board a 
space vehicle process information picked up from a sensor and 
relay it to servomechanisms, which operate the actual controls 
and feed back information from the end mechanisms. 

Different guidance systems are effective in different phases of a 
space flight. The three phases of space flight are the injection 
phase, lasting from liftoff to the point where the vehicle has 
achieved the desired orbital velocity and is placed in orbit; the 
midcourse phase, which is mostly a coasting or unpowered fli^t 
with occasional uses of propulsion to correct error; and the ter- 
minal phase, in which the vehicle closes upon its target or makes, 
a safe reentry into the earth's atmosphere. 

Command guidance is effective in any phase of space flight, 
since it operates by tracking the vehicle from the ground, com- 
paring the actual with the programmed track of the vehicle, and 
generating error signals to bring it back on course when neces- 
sary. One of its disadvantages is costliness, since a worldwide 
network of tracking stations is often necessary to follow a space 
vehicle either in orbit or on a moon or interplanetary flight. An- 
other disadvantage is vulnerability, either to enemy attack, enemy 
jamming, or natural phenomena that caxise disturbances in com- 
munications. 

Inertial guidance is especially effective in the injection phase, 
which is characterized by sustained acceleration, providing the 
inertial forqes on which such a guidance system can operate. An 
inertial guidance system lo<^tes and guides a vehicle by "feel," 
computing velocity and position by measuring the tug of ^ inertial 
force of the vehicle. The two basic components of the system are 
the accelerometers which measure the forces and the gjrroscopes 
which provide a means of stabilization for the accelerometers and 
also help stabilize the whole Vehicle. Inertial guidance is also useful 

133 



SPACE TECHNOLOOY 

in the midcourse phase for attitude control and, during those 
times in the midcourse .phase when thrust is. on, for correctional 
maneuvers. 

Celestial or position-fixing guidance is a more difficult problem 
in space than it is for aircraft or ships at sea. A three^iimensiona] 
fix in cislunar or near-interplanetary space calls for reading angles 
between fixed stars, and near bodies such as the earth, moom 
or a neighboring planet. Since the near bodies are in motion, 
complex tables of their locations at different times must be pro^ 
grammed irrto the vehicle's computers. A program of the cor- 
rect trajectory is also necessary. The fix itself is a three-step proc- 
ess of locating the vehicle on a cone, a' line, and finally a point. 
A shortcut procedure is preferred by which the cone angle is 
compared with the programmed route in a series of observations. 

WORDS AND PHRASES TO REMEMBER 

accelerometer injectfon 

analog computer line of position 

binary number system navigation 

burnout near body 

cap pistol program 

celestial mechanics register 

chronometer reentry corridor 

cislunar space sensor 

command servomechanism 

cone of position spin stabUization 

^^^^ spring-mass principle 

decay supplement 

digital computer thrust termination 

• feedback 'translator 

gwdancc vernier engine 
gyroscope 

QUESTIONS 

U Explain the difference In meaning between control, guidance, and navi- 
. lation. 

2. Upon what single factor does all control of a space rehJde depend? 

3» Explain why the word "bumoutt" although commonly nsed to mean the 
end of the thrusthig life of a rocket stage, may be hiaccnrate« 
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4^ How Is thrust vector control related to a vehicle's center of gravity? 

5. What are some of the reasons why precise attitude control of a vehicle 
may be necessary? 

6. Compare a control maneuver of a spacecraft to a turn by an automobile 
equipped with power steerinRt 

7. Why Is timed sequence alone sometimes Inadequate as a method of 
space vehicle guidance? 

8. What Is the difference between an analog and a digital computer? 

9. Which form of guidance is most effective during the launch phase of a 
vehicle? Why is its effectiveness more limited In the midcourse phase? 

10. What does the word "InertiaP mean in **inertlal guidance**? ^ 

11. Explain the function of gyroscopes in an Inertial guidance system. 

12. Why is It not possible to sight entirely on fixed stars In celestial 
guidance? 

13. How is a cone of position reduced to a line of position? 

THINGS TO DO 

I Investigate more thoroughly the binary number system. Find* out how 
numbers arc represented and how you can "read" a number that in 
represented in the binary code. 

2. Take a toy gyroscope and use it to study spin stabilization and prcccsMon 
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No STUDY of propulsion, control, and guidance of space ve- 
hicles would be complete without some consideration of nature's 
propulsion, control, and guidance. By these we mean the gravita- 
tional forces of the sun, earth, other planets, a^d moons which 
supply the main power and4nap out the main pathways by which 
man-made vehicles can move purposefully toward a destination 
in solar-system space. We touched upon this subject^n Chapter 1, 
when we set forth Newton's Laws of Motion and Kepl^ Laws of 
Planetary Motion and suggested some of the ways in vsnbich these 
laws of celestial mechanics affected space travel Subsequent chap- 
ters in this text then dealt with the devices man has invented for 
overcoming these natural forces — engines of immense power for 
injection into and movement within space, and control and guid- 
ance systems of amazing sophistication for directing vehicle move- 
ment irt space. Now we return to celestial mechanics to learn more 
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about the interplay between natural and man-made forces in ac- 
complishing space missions. 

"Overcome** is perhaps the wrong word to use in describing 
how man can deal with gravitation. "Submit" is more accurate! 
but the submission must be skillful. A vehicle in a gravitational field 
^ in space is like a frail canoe on a swift river. To make the analogyN 
a little more accurate, assume that the canoe is equipped with /a 
light outboard motor fueled with a cupful of 'gasoline. It lacks tWe 
power and fuel to go upstream. Even reaching a point on a bank 
directly across stream may be impossible. The canoe, neverthelessl 
can make best use ofjts little motor and limited fuel supply in^ — ■ 
maneuvering downstream. It can uit its motor to evade rocks and 
snags, choose the more rapid or the safer channels, and reach a 
chosen destination on either bank, as long as the destination is lo- 
cated downstream. It must to some extent "fight" the river current -7^ 
but also submit to it to get where it must go. 

The art of harmonizing man-made power and control with 
celestial mechanics is an endlessly complicated subject. In this final 
chapter let us merely suggest some of the problems and peculiari- 
ties of different kinds of space flight. We shall consider in turn sub- 
orbital trajectories; eafth orbits, transfers, and ground tracks; 
moon flights; and interplanetary flights. First, however, let us 
consider a basic peculiarity of all space flight called velocity re- 
quirements. 



A velocity requirement in space terminology, means the velocity 
required in order to travel a certain path. Here on earth, the no- 
tion of such a velocity requirement may seem peculiar. On the 
highway, your destination may be 100 to 1,000 miles away, but 
you can take as much or as little time as you wish without fear of 
falling short of or overshooting your target. An airplane must 
achieve a certain velocity in order to stay aloft, but it, too, within ^ 
broad limits, can vary its speed without changing course. In space, 
on the other hand, Aow fast you go determines where you go. To ^ 
reach the moon in the shortest possible time demands the cpmpli- 
cated art of plotting the best trajectory to a moving target, then 
applying exactly the amount of thrust needed to be injected into 
the chosen pathway. To circle the globe in one hour instead of the 
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present minimum of about 90 minutes is an apparent impossibility 
"Pouring it on" would only take the vehicle into a higher orbit and 
make the trip longer. The velocity requirement in this case is the 
velocity required to reach an orbital altitude. When we recall Kep- 
ler's Laws, however, we realize that the higher the orbit, the 
slower the velocity in orbit. Agam we can see how the laws of 
celestial mechanics arc one set of speed \Byis that are strictly en- 
forced with or without space policemen. 

Bmrnoiit Velocity Reqnirements 

The accompanying table (Fig. 46) represents burnout velocity 
requirements for different types of missile and space flights. The 
table is considerably simplified, and perhaps we had better men- 
tion what some of the complications we have omitted are. One is 
that burnouts could be timed for various altitudes; here we have 
indicated them all as occurring at 100 nautical miles. We are ignor- 
ing for the moment the possibility, that the required velocity could 
be more gradually acquired or some of it acquired by midcourse 
boost. Another complication is tBS factor of the rotation of the 
earth; here we have indicated a non-rotating earth. It would be 
more realistic, of course, to allow for earth rotation, but to do so 
would require a much longer and more complicated table. Any 
missile or vehicle being launched into space in a generally eastward 
direction will get a free boost from the spin of the globe. Just how 
much of a free boost would depend upon two things: the latitude 
of the launch site (a site near the equator, of course, moves faster 
than a site near one of the poles), and the exact direction (azi- 
muth angle) of the launch. 

Despite these oversimplifications, the table should be useful to 
provide the reader with a general notion of how much speed is 
required to move various distances into space. There will be fur- 
ther references to this table in this chapter. Meanwhile, glance 
over it, and ponder some of its oddities — such as why itXjsJces 
more energy to "fall" into the sun than to escape the solar system. 



Totel Velocity Reqnlrenients 

In planning a space mission, it is necessary to calculate total ve- 
locity requirements. The resultant figure, in feet per second, rep- 
resents the adding together of all the velocity requirements for all 
stages of the mission. It does not represent tfie rate of speed at 
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.RQur# 46. turnout velocity rtqulrtmtith for difftrtnt typ«» of mIisU«$ ond spoM 

fllghtt. 

which the vehicle travels at any one moment in its journey but 
would be in excess of^that rate. All the velocities in such a sym 
would not be in the same direction. Nevertheless, the sum is useful 
in computing the propcllant requirements for a given weight and 
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payload. The negative of retrothrust or the angular aV of a 
change of course requires energy just like the positive of ac- 
celeration. For example, the total velocity requirements for a round 
trip to the moon might be figured this way: injection into trajec- 
tory, 36,000 fps; braking for soft landing on modjn, 8,700 fps; 
escape from moon (same as soft landing), 8,700 fps; return to 
earth, 0 fps (a free ride provided by earth gravitation); braking 
for soft landing on earth, 0 fps (assuming no retrotnrust for aim- 
ing into reentry corridor, and the atmospheric cushion providing 
the free brakmg); total velocity requirement, 53,400 fps. 

Velocity requirements, therefore, might be explained as require- 
ments for man-made velocity needed for catching the free rides of- 
fered by celestial mechanics. Now let us consider the special prob- 
lems of different types of trajectories and orbits. 

SUBORBITAL TRAJECTORIES 

Two kinds of suborbital trajectories are indicated in Figure 46: 
ballistic missile flights, and sounding-rocket flights. 

Bidliitic MissUe Flints 

The word "ballistic" means "bullet-like," and in some ways the 
flight of a ballistic missile resembles that of a bullet from a gun. As 
long as it is in the barrel of the gun, a bullet has energy behind it, 
is accelerating, and is being "guided" by the physical restraint of 
the metal tube surrounding it. Once it bursts from the muzzle, it 
is in many ways like a missile or space vehicle following a path de- 
termined by two "vectors" — ^the direction and speed imparted by 
the "launch" and the direction of the force of gravity (we can ig- 
nore wind, friction and other effects of atmosphere). 

general, ariy missile that has a range of several hundred miles 
or more, rises above the earth's atmosphere in its trajectory, and 
is designed to reach its target in the shortest time possible, is a 
long-range ballistic missile, and it must obey certain laws in its 
flight.* Such a missile cannot be under continuous propul$ion and 
guidance during the entire course of its flight. Its vectors, like those 



*Tbew coodJtiotts exclude a number of ionfttntt terodyiumic unm*nncd vehtctcs such as 
the Nike Rercutca. Macc» and the now-obsolete Bomarc and Snark— which had Intercontinenul 
rante but flew thiouth the atmosphere at subsonic speed, really an unmanned airplane. On 
the other hand they Include the Mimitcman and TlUn of the Air Force as well as the Army's 
Fenhlns and the N»vy*s Polaris and Poseidon. 




aPACB TBCUNOLOOY 



of a bullet, are established by boost propulsion .and guidance 
(which is probably mertial). Its buraout will occur well .below the 
top of its trajectory. The rest of its flight, like that of an orbiting 
space vehicle, is unpowered and determined by the force of gravi- 
tation. It will descqbc^ high, archmg trajectory toward its target, 
possibly reachmg a peak of several hundred miles above the sur- 
face of the earth. The path of the reentry portion of the flight 
will be affected by atmosphere, and the warhead must be designed 
to withstand the heat of atmospheric friction on reentry. 

As Figure 46 reveals, the launch velocity of a ballistic missile is 
less than that required for any orbit, although m the case of a mis- 
sile with a 10,000 nautical-mile range, it is only a little less. The 
missile is also mjected at a higher flight path angle than the hori- 
zontal angle that is usual for orbital injection. Lacking, the velocity 
to clear the earth, it falls back to earth along a path determmed by 
gravity. If it could continue falling — that is, follow an imaginary 
path within the sphere of the earth — it would fall faster and faster 
to a perigee point (the point at which the orbiting veliicle is closest 
to earth), describe an imaginary ellipse around the center of the 
earth, and be carried by its own momentum right up through the 
earth back to the point of its injection. This trajectory is, of course, 
impossible, but the fact remains that the actual flig^it of the mis- 
sile does describe the exterior portion, at apogee (point on orbit 
farthest from earth), of such an imaginary orbit around the center 
of the earth (Fig» 46). The traject^ is a section of an elliptical 
flight path and the plane of this ellipse must pass through the cen- 
ter of the earth. Therefore, the missile's ground track, — that is, the 
route of its trajectory projected downward and plotted on the sur- 
face of the earth — would be a part of a great circle, somewhat 
modified by the effect of earth rotation.* The missile could not 
follow a trajectory due east or due west along some parallel of 
latitude other than the equator (which is a great circle). Nor could 
it follow an eccentric or irregular path designed to fool an enemy 
defense system. 

These facts tell us two things about ballistic missiles. One is that 
propulsion and guidance are available to inject a missile into a tra- 

*To avotd unnecessary compltcatlons, we are assuminf throuthout thfs chapter a perfectly 
spherical earth with such perfectly balanced mass that its iteotraphic center and center of 
travity are one Actually, the earth is slithtly flattened at the poles. Is sllthtly pear-shaped, 
and has {rrcfularities within its mass to dislocate its center of travtty as sensed at various 
points. These effects are very slitht, but encufh to cause errors In missile and spacecraft 
flifhts. The mathematics for their correction are extremely complex. 
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mittit* would compt«t« on •llfpticol path. 

jectory toward any target on earth with great accuracy. The sec- 
ond is that, since the route the missile must fly is predictable, 
defense measures can be taken against it^ 

Aside from military matters, we have also introduced two facts 
applying to all kinds of space flight — whether these are suborbital 
missile flights, earth orbits, or moon or interplanetary flights. (1) 
They are either circles, ellipses, parabolas, hyperbolas, or por- 
tions thereof. (2) The plane of the flight path must pass through a 
center of gravity, whether of the sun, the earth, another planet, 
or a moon. , 

Sounding Rocket Flights ^ 

The purpose of a sounding is scientific. Instruments earned 
aboardilta vehicle are designed to observe and measure various 
natural phenomena at different altitudes above the surface of the 
earth and transmit these data to ground observation stations by 
radio. After reaching its maximum altitude, the vehicle simply falls 
back and is allowed to make an uncontrolled reentry ipte the 
atmosphere and bum up. 
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The launch velocity requirements of such a vehicle arc of inter- 
est, for these are requirements to reach a certain distance from the 
Earth wUhout going into orbit As the two examples ahowii in 
Figure 46 mdicate, such a launch velocity can be either less than 
or more than tJe minrmum required to put a vehicle in orbit. That 
for 1^000 nautical miles is definitely less. Thus, if a rising vehicle 
achieves a burnout velocity of 16,300 fps at a height of 100 nauti- 
cal miles, it will continue to coast upward to a hei^t of 1,000 
nautical miles before its upward momentum is reduced to zerQ Jby 
gravity. On the other hand, the launch velocity requirement for 
reaching 10,000 nautical miles is quite hi^, 31,000 fps. An equal 
velocity m a different direction could put a vehicle into a^^gh 
orbit, thoxisands of miles above the surface. 

Why does this vehicle not go into orbit? The reason is that ia 
sounding rocket is mjected at a very hi^ angle and does not have 
the horizontal velocity needed to put it in orbit. Like any other 
soundmg vehicle, it eventually reaches a point where gravity 9vcr- 
comes its upward momcntumh, and it will return to eartL Its trajec- 
tory is not necessarily strai^t up and down but is rather, like a hi^, 
narrow arch, with a return path that would not carry it beyond 
the earth. If the comirfete path of the sounding rocket trajectory 
were plotted, it, too would describe an extremely narrow ellipse 
within the earth around the center of earth's mass. 

It is also interesting to note that it does not require ten times as 
much velocity to reach 10,000 miles as it does to reach 1,000 
miles but less than twice. The grip of taith gravity weakens with 
distance. 

Some economic factors can also be noted Sincere sounding- 
rocket velocity for 1,000 miles is suborbital, it is thc^eapest way 
of reaching such an altitude. Using a sounding rocket to reach a 
height of 10,000 miles, however is questionable; and for reaching 
still hi^er altitudes, it is .definitely more economical to put the 
vehicle in orbit 

EARTH ORBITS, TRANSFERS, AND GROL*ND TRACKS 

A si>ace vehicle' following an orbital path around the earth is, 
like the moon, a satellite of the earth. Early maimed satellites 
were bonsidercd as preliminary experiments leading toward a 
manned flight to the moon; but eartfi satellites, maimed or un- 
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manned, still have a future. They have proven their worth as a 
means of scientific exploration of the 'space surrounding the earth 
and of the earth itself, and their usefulness is no longer limited to 
pure scientific research. Communications satellites poised above 
the earth serve both military and commercial needs (Fig. 48); live 
telecasts from overseas would be impossible without them. Tele- 
vis^ weather charting by Tiros, SMS (Synchronous Meteorological 
Satellite), and Nimbus satellites provides another practical appli- 
cation Amazingly sharp, detailed color photographs of the earth 
taken with hand cameras by astronauts from altitudes of hundr^ 
of miles suggest other useful aims served by photography. These 
include geological observations that mi^t lead to oil and other 
mineral discoveries, and other pictures that may unlock the riches 
of the oceans. To achieve sharply detailed pictures requires the 
use of recoverable packages that allow retrieval of the film in the 
cameras, rather than telecast images. This retrieval would require 
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precise reentry guidance techniques. (In fact, film is routinely jfctti- 
soned frpm reconnaissance satellites and retrieved in mid-air by 
Air Force teams.) 

Sending satellites into earth orbit, therefore, is no mere first 
step into space, to be made obsolete by more spectacular voyages 
to the moon and the planets. At present, and for many years to 
come, it will remain an important activity. The major part of the 
science of ^ propulsion, control, and guidance of space vehicles 
today is applied to launching earth satellites and steering them 
precisely into pathways where they will serve their purposes most 
effectively.- 

ElllptiaU^ Orbits 

Tlic lowest earth orbit indicated in Figure 46 is an approximate 
circular orbit at 100 nautica^ miles altitude, for which an injection 
velocity of 25,600 fps is required. Therefore, let us use this orbit as 
d startmg point for learning more about earth orbits. In this one in- 
stance, the mjection velocity (Fig. 46), the apogee velocity, and 
the circular orbit velocity (Fig. 49) are all the same. At this altitude, 
the pull of gravity is only slightly less than it is at the surface o 
the earth. The velocity of 25,600 fps (or 17,400 mpb.if you pre- 
fer) represents the speed at which the vehicle must "outrace the 
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horizon" as it *falls" around the curving earth, ever maintaining 
the same altitude above it. It is important to note that the injection 
into orbit must be ^^horizontal" (tangent to the orbit). Any effort to 
extend range (as with a gun fired on earth) by giving the vehicle 
an upward trajectory without added thrust would only rob it of 
some of its vital forward velocity and bring it to earth before one 
orbit was completed. 

For any higher orbit, we have this basic paradox, higher and 
higher velocities are required to reach successively higher altitudes 
(as Fig. 46 indicates), but lower and lower velocities are required 
to stay in orbit at successively higher altitudes. This phenoqienon 
is dueS(jjjtl;ie weakening of earth gravity with distance, as Kepler 
observed ft more than 300 years ago. Representative orbital veloci- 
ties are shown in Figure 49. 

Let us describe what happens when ^ vehicle is boosted off the 
earth to achieve ah apogee of 1,000 nautical miles. Again we must 
refer to two tables. According to Figure 46, a boost velocity of 
about 27,000 fps is needed to hurl the vehicle to that height. After 
burnout, the vehicle coasts - outward along an elliptical path, mov- 
ing slower and slower as gravitational pull gradually overcomes its 
launch impetus. At its planned 1,000 nm apogee it will have a 
speed somewhat less than 21,900 fps (the figure shown in Figure 
49 for an apogee velocity at 900 nm) and will begin to lose alti- 
tude. Sliding down the far side of the ellipse, it will move faster 
and faster as it approaches closer and closer to earth. It will then 
whip around perigee at top speed. Perigee in this case will be the 
original point of injection, altitude 100 nm, and top speed will be 
the original injection velocity of 27,000 ^s. The vehicle will then 
begin another climb toward its 1,000 nm apogee. Discounting the 
slow effect of faint atmospheric resistance at perigee, it will keep 
on swinging around this ellipse indefinitely without need for bum- * 
ing an ounce of propellant. 

All the earth satellite figures given in Figure 46 assume the 
same thing, injection and perigee at 100 nm, with af>ogee varying 
accordihg to the velocity of injection. More and-4nore launch 
power, then will shoot the vehicle out to more and more distant 
aix)gees. The orbits would describe successively longer ellipses. How 
I is it possible to achieve a circular orbit at a desired altitude? 
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CircuUr Orbits aod CopUnv Tnosfen 

To change an elliptical into a circular orbit at apogee requires 
what spacemen call a "kick in the apogee." That is, when the 
vehicle reaches apogee, its engine is restarted, to give it some ad- 
ditional velocity to thrust it outward and circularize its orbit. The 
required velocities for circular and elliptical orbits are shown in 
Fig. 49. Circular velocity niinus apogee velocity gives the amount 
of "kick" needed to circularize an orbit at a given altitude (assum* 
ing 100 nm perigees as set forth in the tables). 

To show how to figure the total velocity required to attain a cir- 
cular orbit, let us work one little problem in simple arithmetic using 
sums from both Figures 46 and 49. The velocity required to boost 
a vehicle to an apogee of 300 nm is 25,900 fps. To this number 
add the difference between apogee velocity and circular velocity at 
300 nm (400 fps). The sum, 26,300 fps, is the total^ocity re- 
quirement — that required for launching a vehicle into a 300 nm 
circular orbit, in two steps— ^but the vehicle never travels that fast. 
The total velocity requirement is merely an engineer's figure useful 
in determining how much energy is needed to perform a given 
task, with a given payload weight. 

Our round numbers do not reflect ^he precision with which these 
velocities must be calculated. If the applied at apogee is a little 
less than that required for circularizing the orbit, the result- will be 
a wider ellipse with the same apogee and a higher perigee. If it is 
a little more, the vehicle will be boosted to a higher apogee. 

Achieving a circular orbit at any height above that of launch 
burnout (original perigee) is done in two steps — ^launching into 
an elliptical trajectory, and applying another spurt of rocket energy 
at the desired altitude to circularize the orbit. It might also be done 
in three steps. The vehicle could be launched into a lower orbit, 
called a parking orfoh^ then boosted to a higher apogee, then cir- 
cularized at that apogee. Moving a vehicleJroiTi one orbit to an- 
other is called a traBrfcn Such manwlvers accomplished within 
the same orbital plane are called copljmar' transfers. It is possible 
to illustrate a coplanar transfer with \a two-dimensional diagram 
(Fig. 50). All the movements are aQjJ)e same plane, like the sheet . 
of paper on which you see them. 

The Hohmann Transfer. — Back in 1925, when space travel was 
only a theoretical dream, the city engineer of Essen, Germany, 
published a scientific paper on the most economical way to boost 
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Figure 50.. TH« Hohmonn tronsftr is o coplonor tra/isftr ottoinobit by stroight- 
ohtod thrust with litttt tntrgy •xp«ndtturt. 

a satellite into a chosen circular orbit. The method proposed by 
Walter Hohmann is quite similar to the one described above. It has 
been called the "minimum energy transfer." (Actually, it is not the 
minimum energy transfer in all cases, but we shall not go into the 
complicated technical , reasons why there are exceptions to this 
rule.) The Hohmann ^ransfer, or slight variations of it, is a prac* 
tical method of space ^maneuver to this day. In a Hohmann trans- 
fer, the vehicle is first placed in a low elliptical, parking orbit. When 
the vehicle swings art)und to perigee, sufficient thrust is applied to 
push the vehicle to apogee at the desired altitude. When the ve- 
hicle reaches the high point of this transfer ellipse, thrust is ap- 
plied again, and the vehicle moves out on a circle tangent to the 
transfer ellipse. 

All this talk of ellipses, circles, and tangents should remind us 
again of the fact that all space travel is in curves. Moving in a 
straight line in space would require constant application of de« 
fleeted tfirust, a tremendous and wasteful expenditure of propel- 
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lant. The curyes chosen by Hohmann are those that actually per- 
mit thrust to be applied in a straight line. A vehicle with a rigid 
engine or nozzle, incapable of thrust vector control, would be able 
to accomplish a Hohmann transfer by thrusting straight ahead at 
the proper transfer points. Momentarily the vehicle would move 
out on a straight line tangent to its former course, but ahnost im- 
mediately the particular new balance achieved between the for- 
ward momentum and the pull of gravity would set the vehicle 
on a new curved trajectory. 

Other Coplanar Transfers. — Before we leave the subject of 
coplanar transfers, we might mention others, ways of accomplishing 
transfers and maneuvers within, a ^ven plane of orbit. One is the 
fast transfer (Fig. 51) applied in modem satellite maneuvering. 
Instead of choosing a transfer ellipse tangent to both the lower and 
higher orbits, one chooses a trajectory t^t intersects the two or- 
bits. In a direct ascent, more launch velocity would be built up 
than needed to reach a ^ven apogee. At the desired altitude ^he 
kick would thus be applied lower than apogee, with deflected 
thrust to aim it into the desired circle. Because all die energy 
would not be working in a straight line, extra energy would be 




Figur* 51. Th* fast tranrftr d^rs only slighHy from th« Hohmann tronsftr and 
r*qulr»t mor* mantuvtrabHtty from th* vthlct*. 
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needed to make the desired turn. The maneuver boosts the vcr 
hide into higher orbit more speedily than a Hohmann transfer. 
Actually, most fast transfers are-t)nly slightly different from Hoh- 
mann transfers. The turn is not very sharp at either transfer point. 

There is also a method of reaching a higher orbital altitude pe- 
culiar to one of the low-thrust electrical ^engines described in Chap- 
ter 4. Recall that when such an engine is to be used for moving a 
satellite into higher orbit, a conventional chemical booster engine 
must first be used to launch the satellite into a parking orbit. As 
long as the vehicle has enough velocity to stay in orbit, a low- 
thrust engine can be used to move it higher. The engine does not 
work in spurts, but is capable of prolonged low thrust. As long as 
the electric rocket keeps thrusting, the vehicle's course keeps 
changing ,toward higher and higher altitudes. In brief, it spirals out 
to the desired altitude in an ever widening orbit. 

Mention should also be made of moving down from a higher to 
a lower orbit. To do this, negative aV, or retrothrust must be ap- 
plied to kill off some of the velocity that keeps the vehicle in the 
higher orbit. The vehicle is then drawn by gravity into an orbital 
path that matches its new lower velocity. As it moves lower, how- 
ever, it moves faster. This is another interesting paradox: putting 
on the brakes in order to go faster. Actually it is a practical ma- 
neuver. Suppose that two vehicles are attempting^ to accomplish a 
rendezvous in the same orbit, and one is a thousand miles ahead 
of the other. The chase vehicle can never hope to catch up with 
the target vehicle while both are in the same orbit. Therefore, the 
chase vehicle applies retrothrust to get drawn into a downward 
transfer ellipse that will allow it not only to* follow a short-cut 
roufe but also to be moved by gravitational pull faster along that 
shorter, lower route to a point where the two orbits are again 
tangent, and, hopefully, where the two vehicles will come within 
maneuvering range of a rendezvous. Needless to say, the precision 
of the pre-computed route selection as well as the guidance and 
control mechanisms used to accomplish the rendezvous itself must 
be extremely good. 

Non-Coplanar Transfers and Ground Tracks 
All earth satellites do not orbit in the same plane, so now we 
must think three-dimensionally again. First, recall that any plane of 
orbit around the earth must pass through the center of the earth. 
If a vehicle is launched due east (azimuth 90°) from Cape Ken- 
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nedy, Florida, which has a latitude of 28.5^ North, it is impossible 
for it to keep traveling due cast around the world at the same lati- 
tude. Its orbital path will bring it south across the equator to reach 
a latitude of 28.5*" South before it swings north agam. The .orbital 
plane of such a launch is said to have an angle of inclinatibn of 
28,5*^ with respect to the plane of the equator. Aimmg the satel- 
lite at launch m any direction other than due east will produce a 
steeper angle of mclination, causmg the satellite to overfly latitudes 
higher than 28.5 on cither side of the equator. A northward or 
southward mjection will put the satellite m a polar orbit. 

^^^usly no launch from Cape Kennedy could piit a vehicle 
J^tly into on orbit around the equator, or at any aflgle of m- 
clination less than the latitude of Cape Kennedy itself. To put a 
vehicle into equatorial orbit requires a non-coglanar transfer. The 
vehicle would first be launched at its minimum angle of mclination 
of 28.5^. Then, on either its first or a later revolution at one of 
two points where it crosses the equator, thrust would be applied at 
the proper angle (by means of thrust vector control) to put the 
vehicle into an orbit coplanar with the equator. Think of this 
transfer maneuver as kicking the vehicle sideways mstead of up- 
ward, as in the coplanar transfer. Similarly any angle of mclination 
can be achieved by means of non-coplanar transfer, but not nec- 
essarily in one such transfer. If the angle of change is, too extreme, 
the vehicle may have to orbit the earth two or more times, chang- 
ing its angle of inclination by a certam amount at each Intersection 
of planes, before the desired inclination is achieved. If both a 
change of inclination and a change of orbital altitude are desked, 
however, the non-coplanar and altitude transfers can be achieved 
m one orbit by calculating the thrust angles threc-dimensionally. 

Synchronous Satellites.— You have probably heard of Intelsat 
and DSCS II (Defense Satellite Communication System), satellites 
which are not merely used for purposes of scientific observation 
or experiment but earn their livmg by relaymg radio and television 
signals for Government and commerical network users. To do its 
job prowrly 24 hours a day, such a satellite must remain poised 
in the sky, constantly above one meridian on the earth's surface. 
Three such synchronous satellites, spaced 120 degrees of longitude 
apart, can give 24-hour round-the-world service over most of the 
surface of the globe. Now that you have studied somethmg about 
orbits and transfers, you may be able to guess how such satellites 
arc put into position. 
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For a satellite to be "synchronous'* with the earth — that is, 
keep tune with the rotation of the earth so perfectly that it always 
remains directly above a certain meridian of lon^tude and never 
drifts east or west of it — it must have a circular orbit at one alti- 
tude only. As Figure 49 states, that altitude is 19,351 nautical 
miles (or 22,300 statute miles), which will give it a period of 24 
hours. If such a satellite is launched from Cape Kennedy without a 
non-coplanar transfer, it will have an inclination of 28.5° and will 
not appear perfectly stationary over the earth. It can be timed to 
reach the right orbit at the desired meridian, but its incUnation will 
take it above and below the equatorial plane by 28.5** in the course 
of its one-day orbit. Its pathway through space projected straight 
downward onto the surface of the earth — in other words, its 
ground track — woul(} describe a narrow figure eight, crossing at 
the Equator, and its top and bottom touching both 28.5° parallels 
(Fig. 52). In order to make it hover stationary over one point on 
cardi, it is necessary to include a non-coplanar transfer into the 
equatorial plane in its launch program. The one point over which it 
hovers must be on the equator and at no other latitude. 

These are ,the major maneuvers for positioning a synchronous 
satellite. Needless to say, exact positioning requires extremely pre- 
cise "station keeping" maneuvers performed with vernier engines 
or possibly even small jets of hydrogen peroxide. 

Grou]^ tracks. — ^We have mentioned ground tracks several 
times. It is important to note that ^ound tracks are not merely a 




Figure 52. Th« ground trock of a synchroaoys »ot«lUt« lounch«d from Cop* K«nn«dy 
^•tcnht a narrow figure •ight, crossing crt th« tquator. 
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matter of incidental interest. Tracing a certain ground track may be 
the main purpose of a satellite. The business at hand may be war 
or espionage, in which one nation may seek to place either a 
weapon or a surveillance satellite over a certain part of another 
nation's territory. Or it may be any one of a number of peaceful 
pursuits already mentioned, such as weather charting, mineral pro- 
specting, or communications relay. A study of ground tracks, com- 
•bined with highly refined guidance procedures, will permit the 
placing of a satellite over any part of the earth's surface at any 
specified time. The variety of ground tracks that can be traced is 
great. Here let us consider a few. 

First consider a typical low, circular orbit, taking about 90 
minutes to circle the earth, at an inclination determined by a due 
east launch from Cape Kennedy. If plotted on a flat , map of the 
Earth rather than a globe, it would describe an S-shaped oirve be- 
tween the 28.5"* parallels north and south. If the earth did not 
rotate, the curve would always return to the same launch point 
(Fig. 53). The rotation causes the ground track to regress west- 
ward as the earth turns a certain amount eastward in the 90- 
minute period. Thus the ground track would trace a series of 
overlapping Ss as shown in Figure 54. If the orbit is higher, the 
amount of westward regression would increase. If the orbit is ellip- 
tical, the ground track would be irregular, making a wider sweep 
of a curve over the rapidly-moving perigee portion of the orbit, 
and a narrower hump at apogee (Fig. 55). Ground tracks made by 




Rgurt 53. Ground frock (»oi«»fjm«» called "ground troc#") otiuming o non-rofoflng 

•arth. 
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Figur* 54. Rototion of th« •orth cousts o w«stword r«gr«siion of th« j^rounc^ trock. 



high-altitude satellites with synchronous or near-synchronous orbits 
are an interesting class in themselves, especially if these are of 
elliptical orbits. They may form irregular or eccentric figure eights 
with the large loop formed by perigee and the tight loop formed by 
apogee. When the vehicle is orbiting at a higher-than-synchrqnous 
altitude^ thus taking more than a day to make the orbit, its ground 
track is a spiral winding around the globe (Fig. 56). 
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Figvn 55. Th« ground frock of o sattliHt In tlHpticol orbit ?$ irrtgulor, os compqrtd 
to that of on* in drculor orbH. 
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Figur* 56. A hlgh«r-than-iynchronoui arbit tak«s mor»-than a day to campUt* and 
iH graund track d«scrib«s a spiral winding around th« glob*. 

M) ItiK MOON \\5> Hl\(>.M> ^ 

Man has been to the moon and back several times, and work is 
progressing for eventual visits to other planets. Both the United 
States and the Soviet Union are expected to continue the explora- 
tion of the moon and other heavenly bodies, although perhaps on 
a reduced scale, with unmanned veh||^. Already, the manned 
and unmanned space programs of both nations' have produced 
feats that a decade or so ago would have been considered amazing 
or impossible. An earth grown accustomed to the spectacular now 
considers them matter-of-course. In addition to manned and un- 
manned exploration of the moon, these feats include soft and hard 
landings on Venus and Mars, orbiting television satellites around 
Mars, and, closer to home, nuts and bolts work connected with 
manned orbiting space stations. More elaborate unmanned probes 
of Mars and Venus and the outer planets — Jupiter, Saturn, Uranus. 
Neptune, and Pluto — are also either in progress or near to it. 

All of which demonstrates that the problems of celestial me- 
chanics related to lunar and interplanetary travel are practical ones. 
The same principles that apply to earth orbits also apply to solar- 
system space, but the problems are complicated by extra "bodies." 
Up to now we have been dealing with what astronomers call the 
"two-body problem." The two bodies are the earth and a vehicle, 
and we have described various ways in which a vehicle behaves 
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in a single gravitational field. At greater distances, we must con- 
sider the evcr-diminisiiing influence of the earth, that powerful 
effect of the sun. and the various forces of the target moon or planet. 

Velocity Requirement Again 

Once again, look at Figure 46 and note that range of' figures 
from "100,000 nm apogee" to "Earth escape." A distance of 
100,000 nautical miles is a little less than half way to the Moon. 
Thus, the difference between half way and all the way to the 
moon is a mere 200 fps. The range of velocities under "Lunar 
Missions" represents various long elliptical geocentric orbits which, 
if they missed the moon, would go beyond it and then return to- 
ward earth. 

At the top of the range is that velocity which would carry a 
vehicle beyond the effective influence of the earth's gravitational 
field. Thinking in terms of a "two-body problem," we would say 
that there is a theoretical point where such a vehicle, gradually 
slowing down and using up its velocity as it traveled a half milhon 
or more miles away from the earth, would stop and hang motion- 
less in space. Thinking in terms of the solar system, we would 
realize that the escaped vehicle would be in independent orbit 
around the sun. 

This so-called escape velocity, in round numbers, is 36,200 fps 
or 25,000 mph. To be practical, it is very unlikely that an escape 
■ or moon shot would ever be attempted by massti-e booster power 
off the earth'^surface with burnout at a height of 100 nautical 
miles. We must -consider such a figure more in the nature of a 
total one-way velocity requirement for reaching these long dis- 
tances. The route would probably include a parking orbit, and 
one or two midcourse boosts. At no one stage of its outward 
journey would the vehicle be traveling as fast as the full velocity 
requirement. Each increase of velocity would be partially ^aten 
up by earth gravity, and the figure in question would be the 
sum of the launch boost plus all the added delta-Vs, without 
any subtractions. On the return trip from the Moon or a distant 
apogee however, the full velocity would be reached as the ve- 
hicle reached perigee or reentry. It is the old rillfe of "whatever 
goes up must come »down"-with a velocity equal to that which 
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sent it up, as long as the velocity is any amount less than that of 
escape. 

How far oiit in space Ues escape? Figure 49 shows us some 

TS!- ^ '^'^ "^^'^ ^ """^cal miles, 

at which duitance the orbital period is one year, and the apogee 
velocity ,s a mere 100 fps (equivalent to 68 mph on the sp2d- 
ometer of the family car). Even at 26 million mUes (equivdent 
to the near«t approach of Venus to earth), some effect of earth 
gravitation is felt In two-body terms, the answer to "How 

distance for effective escape-a distance that would put a vehicle 
mto mdependent orbit around the sun with extreme unlikelihood 

°,l<^" Th^' distance is about 

5jU,000 nauucal miles. 

You have probably heard the expression, "A miss is as good as 
a mde At velocity ranges suitable for lunar trajectories, a miss 
could be up to a miUion mUes. That is, a slight change of velocity 
could mean hundr,?ds of Aousands of miles of difference in apogee 
range, up to and beyond%»e. The difficulty of calculaUng exact 
velocity requirements for ranles on this order, however, is some- 
what lessened by the fart that velocity can be adjusted enroute 
by means of the midcourse guidance techniques we have discussed 
When we look a little farther down the table in Figure 46 and 
note the velocity requirements for reaching differeht planets, we 
see that the differences grow larger again. The answer to this 
paradox ,s that one range of fipres relates primarily to earth 
inQuenc^the two-body problem-while the other reflects .the 
immense gravitational pull of the sun. Before we consider tr^l 
among the planets, however, let us consider travel to the moon. 

Recall Willy Ley's statement quoted in Chapter 1, on how to 
reach the moon: "You shoot imcHiriflity and do it at such a time 
that the moon gets in the way." Thus one way of reaching the 
moon IS to plot an escape trajectory, using an accumulated 
velocity of 36,200 fps. If the timing is right (which it must be, 
because the moon is a moving target), the vehicle will hit the 
moon just as a bullet wiU hit a target. Also like a bullet, it will 
travel far beyond its target in^case of a miss. One of the various 
velocities for reaching the moon, as indicated in Figure 46. would 
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fiaur. S7. Ranger III .uff.r«l a n.ar mi» m il. 1961 oH.mpl to hil th. moon. 
T«hniqo.. hov, Une. b«n rW.nwi «. thai curr.nt »poc. »hat. or. b.M., contraliwi 

be chosen purely in tewns of transfer time— how long it takes to 
get there— the ordinary way of c^ing a velocity for land or 
air travel. Figure 57, however, reveSkk^iow difficult it is to hit 
■ the moon. It shows how an early effort d&si«i^d as Ranger lU, 
with escape velocity behind it, went into indepMent sun orbit. 

Various unmanned missions.^Iu the early 1960s several efforts 
were made to do something which, at first glance, may seem 
easier than hitting the moon: swinging, around it and returning 
close to the earth. The plan was to record scientific data on a 
swing around the moon, store the data in the vehicle', on-board 
computer, then wait until the vehicle approached close to earth 
before transmitting them freadoatj in a zone where reception 
was better. Such a mission would require sending the vehicle into a 
long elliptical orbit around the earth with perigee only a few hun- 
dred miles from earth and apogee beyond but not too_ far be- 
yond the moen. Since the moon lies within the earth s gravi- 
tational field, such a ceurse is possible. It is, however a difficult 
one to plot. Not bnly is the moon a moving target, but, as we 
have s^en. the veh^ity requirement for Such a shot is a precise 
one. An error of 200 fps too little could mean falling short of 
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^ the moon by as much as 100,000 nauUcal miles. An equivalent 
error on the long side could mean an infinity shot with no return 
at all. Thus it is understandable why several early efforts to 

y<wing around the moon were unsuccessful 

( Today, the moon-shot technique has been perfected and failures 
either to hit the moon or swing around it are unheard of. An even 
more difficult feat is lunar orbit, a prerequisite for a soft landmg. 
For a lunar orbit, the vehicle must approach the moon very 
closely and at just the right velocity to be captured by the moon's 
gravitational field The smallness and weakness of this field, and 
the moon's lack of atmosphere, add to the difficulty. These con- 
ditions, however, are advantages in that the amount of retro- 
thrust needed to slow a smaU vehicle down for a soft landing is 
not very great. The vehicle need not be burdened with huge 
rocket motors to accomplish this task. For a small, unmanned ve- 
hicle, small vernier motors will do. A scries of successful Lunar 
Orbiter and Surveyor (soft landing) missions was accomplished 
by NASA during the years 1966-68. The Viking Mars spacecraft 
is designed to orbit Mars and to send a soft lander module to 
the planet's surface. (Fig. 58). 
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The Apollo Mission. — The Apollo project to land men on the 
moon and return them safely to earth is, of course, a vastly 
more complex space project than any attempted ^fore. To de- 
scribe some of the more important stages and maneuvers of the 
voyages is to review much of what this text has so far offered on 
the subject of propulsion, control, and guidance of space vehicles. 

• To launch the vehicle requires a six million pound Saturn V 
booster. Two stages, the first burning kerosene and liquid oxygen, 
the second burning liquid hydrogen and liquid oxygen, boost the 
vehicle to a height of 100 nm, where the third stage (hydrogen- 
oxygen) injects it into a parking orbit. The third stage remains 
attached to the vehicle, so the total load orbited weighs about 
300,000 pounds. Another interesting feature of the booster equip- 
ment is an interstage between the first and second stages. This 
consists of several small solid rockets fired for the purpose of set- 
tling the second-stage liquid propellants toward the bottoms of 
their tanks and,£Oimteracting weightlessness so that inertial guid- 
ance equipment win work better. 

• The vehicle is launched toward the moon from its parking or- 
bit by restarting the third stage, which bums out and is jettisoned 
at about 10,000 nm from the earth. The vehicle that voyages to 
the moon is now reduced in weight to about 97,000 pounds. This 
weight is not all payload. Indeed, the greater part of it consists of 
a sufficient amount of propellants for further maneuvers that must 
be made. 

• Shortly after jettison of the third stage occurs an extremely 
delicate maneuver in space called transpositioiL The vehicle is 
turned around 180*. It also is separated into parts and reassembled 
so that crewmen can move from the command module directly 
into the lunar module (LM)i in the rear of the ship, while the 
rocket nozzle of the service module is pointed forward for retro- 
thrust on approaching the moon (Fig. 59). 

• On approaching ^he moon, the rocket of the service module 
is fired to slow the vehicle down for capture in Ixmar orbit (Rock- 
ets of the lunar and service modules arc loaded with liquid pro- 
pellants of the hypergolic type, ideal for positive restarting.) 

• Again the vehicle is taken apart in space, to separate the 
lunar-excursion module from the conmiand and service modules 
Two crewmen who arc to land on the moon arc in the lunar 
module. A third crewman stays aboard the command module, 
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Figor« 59 Artisfs conception shows how crtwmtn on Apolto flights mov« b«tw*«n 
commond ond lunor modules os th# s«rvic« moduU rockets point forword for retrothrust. 

Still attached to the service module. The LM's rockets are fired 
for retrothrust to xlrop the craft out of orbit and toward the lunar 
surface. 

• The lunar module then makes its landing on the Moon 
(Fig. 60), the last few thousand feet of which is accomplished 

^ by means of steady rethrothrust from its descent stage to brake 
the fall gradually. More than half the LM's propellant supply 
IS used up in easmg the vehicle down to a soft landing, for^e 
vehicle thgt makes the landing is heavier than that which will 
take off. Meanwhile the command and service modules, with one 
man aboard* stay in orbit around the moon. 

• The lunar module, its mission accomplished, fires its ascent 
stage rockets to make a carefully timed takeoff from the moon 
to rendezvous with the command and service modules. 

• All three modules are * again temporarily rejoined by means 
of an intricate rendezvous and docking in space. As soon as 
the modules are joined all crewmen enter the command module. 




PATHWAYS THROUGH SPACE 



The LM is jettisoned then and either continues to orbit the 
moon or crashes back to the lunar surface. 

• RockeU in the service module are restarted to boost the 
vehicle out of lunar orbit into a trajectory back to earth. On this 
return voyage, gravitational attractic^rTaccelerates the vehicle faster 
and faster toward earth so that on approach it is moving at a speed 
equal to the accumulated velocity requirement for reaching the 
moon— about 36,000 fps. The service module and its rock^:^^>^ 
retained long enough to accomplish midcourse correction to ^$teer 
the vehicle precisely toward a chosen reentry corridor ratherthan 
into orbit around earth. , . 

• The service module is jettisoned, leaving only the tiny Apollo 
command module, with the entire three-man crew aboard. This 
capsule, weighing only a few thousand pounds, is all that remains 
of the mighty Saturn V launch vehicle assembly with which the 
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expedition began. Most of Saturn's six million pounds was in pro- 
pellants to meet a total round-trip velocity requirement of more 
than 55.000 fps on behalf of this tiny ultimate payload, plus an 
equally small lunar module. Small attitude control jets, to position 
the capsule for reentry with blunt end forward, are the only 
"propulsion" left for this essentially motorless vehicle. 

• There is no retrothrust to kill off any of the vehicle's ap- 
proach velocity of about 36,000- fps and ease the reentry. If 
there were, a rocket with a heavy propellant load would have to 
be added to this final stage> The blunt ablative heat shield of 
the Apollo command module absorbs the heat of friction* flakes 
off, and carries the heat away. Deployment of parachutes brings 
the vehicle to a safe splashdown at sea. 

Voy«gM to the Plwiets 

Here let us consider briefly some of the requirements, problems 
and oddities of venturing into interplanetary space and visiting 
other planets. 
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97.600 

-79.100^ 
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22,200 
17,100^ 
15,500 



Dibits of an v^iokts uo cQIpCkat ^ut nton are near enoufh to drcolar so that inean 
<wance from Sua is a meaningful fijufe. Two planets whose^orbits are rather narrow 
ell^s$e3( are Mercury and Tluto. Oibtts of these planets are as follows: ^ • 

FJanet P^elion Aphelion 

Mercury .2^500,600 mflcs 43,500,000 miles 

Pluto ' 2,76l,500,OpO*mHes 4,d9,000,000 mUcs 

P http i s the most distant i^anet most of the Hmr. At perihelion ft is less distant than 
Neptonc. * _ . 
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The Solar System. — Figure 61 is a table which presents certain 
data to provide a notion of the dimensions of the solar system 
and some of the conditions that affect travel within it. Notice 
the range of sizes, including the sun itself, which has over 300,000 
times the mass of the earth. Notice the range of distances, 
stated here for your convenience in round numbers amounting to 
millions or billions of miles.* Note the periods of orbit, ranging 
from 88 days for Mercury to almost two an^d^ half centuries 
for Pluto. (Consider how long one might have to wait for one of 
the outer planets to get into a favorable position for a visit as 
well as how long a vehicle might take to get there.) Periods of 
orbit, we must be reminded, are a matter not only of distance 
traveled but also of the effects noted in Kepler's Laws, which 
tell us that a body moves more slowly the more remote it is 
from the body that controls it. The last column, orbital velocities 
in feet per second, reveals this fact not only in regard to the 
planets but also in regard to any vehicle which might be in their 
vicinity, and which would be constrained to obey the same 
celestial speed limits. The column on escape velocity reveals how 
much velocity is required to escape from a given planet, as well 
as how much negative velocity is required to ease down to a gentle 
landing there. The sum must be doubled fpr landing plus escape. 
Thus the figure is a very important one for a future astronaut to 
ponder. 

The column headed "Nearest Approach to Earth" must be re- 
garded witli caution. We do not mean to suggest that plotting 
a course to intercept a planet at its nearest approach is a practical 
one. Consider a "Nearest Approach" figure in terms of the canoe 
analogy mentioned at the beginning of this chapter. It suggests, 
roughly, the '*width" of the gravitational "river" th'at must be 
gradually crossed while traveling mainly downstream. 

Many more interesting data on the solar system have been 
left out of Figure 61 for the sake of brevity.' We might add a word 
on inclination. The solar system is a rather flat world — shaped 
somewhat like a shallow dish. The plane of the earth's orbit 
around the sun is called the "plane of the ecliptic." Ail the 
planets revolve in the same direction and, with two exceptions, 

•The mean dlitancc between earth and sun. 93.000.000 mile*, U one "Mtronomictl unit" 
<AU) a unit jxreferred by scientists in measuriof disttoces in the toUr syuein 
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on planes inclined no more than 3.5^ from the ecliptic. The ex- 
ceptions are Mercury (inclined 7"^) and Pluto (inclined 17°). 
These same two **oddbair' planets also have the highest degree 
of "eccentricity" (most elongated 'ellipses) of orbits. 

In terms of space travel and propellant economy, there is ad- 
vantage in the general flatness of the solar system. It minimizes 
non-coplanar transfers, which eat up more energy than coplanar 
transfers. Just how the solar system got that way is a mystery 
science has never solved. Either the planets were originally flung 
out from the sun, or they entered the sun's gravitational field 
from the outside and were trapped. Whatever the answer, two 
great forces cranked this mighty machine, and keep on cranking it: 
(1) the original force that injected the planets into orbits pro- 
portional to velocity, and (2) the sun itself, whose very ma^s 
regardless of its heat, is the source of gravitational force that 
keeps the system turning. 

^ The head start— 97,600 feet per second.— Since the earth 
is our home and our starting point, we may begin to consider 
interplanetary travel by considering our powerful head start into 
space— a velocity of 97,600 fps. This is the average speed of the 
Earth as it orbits the Sun, more technically called its heliocentric* 
velocity. Everything that is in apparent rest or motion inside the 
earth's gravitational field, from an orbiting satellite to a book on a 
table, is moving around the sun at this average heliocentric speed. 
Consequently any vehicle which escapes the earth's gravitational 
field is flung into interplanetary space at about this velocity. The 
vehicle leaves the earth's gravitational field like a baseball leaving 
the hand of a pitcher. If the vehicle is given earth-escape velocity, 
and no more, however, it will get nowhere in interplanetary travel. 
It will continue orbiting the sun at about the same distance from 
the sun and the same speed as the earth itself. To visit another 
planet, it must stray out of this orbit, and it has no power to do so. 
Nevertheless, its very respectable velocity of about 97,600 fps is a 
useful head start on which man-made rocket thrust can build for 
interplanetary travel. 

To Mars and beyond.— Now add some rocket thrust to give the 
vehicle some excess velocity over escape velocity. What happens? 
On a larger scale, the sajpe thing happens that we described earlier 
in terms of earth orbits — a boost to a higher apogee. Only this 



•Lltcran>. ••sun mt the c»?nicr *' 
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time we use the word aphelioii instead of apogee^ to mean that 
point on a solar orbit farthest from the sun, and say periheOwi 
instead of perigee. The burnout point of this extra-velocity launch, 
being near the earth, establishes the earth-sun distance as perihelion 
of the new ellipse. How far out aphelion will be depends upon 
the amount of extra velocity the vehicle acquires. With sufficient 
boost, aphelion might be as much as 141,500,000 miles from the 
sun, which is in the orbital path of Mars. Mars, of course, may 
be on the opposite side of its orbit at the time the vehicle gets out 
that far — a miss of almost 280,000,000 miles, if Mars is the tar- 
get. Therefore, the timing of the launch to intercept Mars is 
critical. It is based on the speed of Mars, the speed of the vehicle 
(which will be faster than that of Mars as long as its track is inside 
that of Mars, but constantly decreasing), and other factors which 
make for tricky mathematics and computer work. 

The shortest distance between Earth and Mars, 34,500,000 
miles, IS of interest to those who want the nearest possible vantage 
point for telescope viewing, but to astronauts it is a rather academic 
figure. To boost a vehicle straight out to an intercept point with 
Mars at this minimum distance woyld require a tremendous amount 
of energy — enough energy to fight the forces of solar-system 
gravity. This is another shortcut through space of a type not 
feasible today. To intercept Mars by the minimum-energy route, 
taking full advantage of the earth's velocity, requires a long chase 
around the sun covering a distance of about 325,000,000 miles. 
The course is recognizable as the Hohmann transfer ellipse ap- 
plied to heliocentric rather than earth orbits. A pathway of this 
sort was taken by a Mariner spacecraft which achieved orbit 
around Mars in 1971 and transmitted television pictures of the 
martian surface back to earth (Fig. 62). The outward journey 
to this photographic vantage point took about SVi months. The 
pathway to Jupiter and other outer planets would be a similar 
swing into higher orbits depending on velocity input, with transit 
times measured in years rather than months. 

Note once again how the main factors in interplanetary guidance 
are timing and velocity. Steering by means of thrust vector con- 
trol — aiming the nozzle off center — is important for the sake of 
the corrections that must be made, but it eats up energy, and the 
less required the better. Boost control, to meet precise velocity 
requirements, is the major and most economical way of "steering'' 
a space vehicle. 
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Figure 62. Artiifs drowing shows components of the Mariner Mors 1971 spacecraft 
that has sent back some of our best pictures of the Red Plonet from its Mars orbit. 



To Venus— AND other inward pathways.— The pathway to 
Venus, which orbits the sun at a distance closer than that of the 
earth, would seem at first glance to be easier than the pathway to 
Mars. One "descends" to Venus and "climbs" to Mars; not only 
that, but the "across-the-stream" distance to Venus is less. Why, 
then, does the velocity-requirement table in Figure' 46 show the 
Venus and Mars requirements to be about the same, with those 
of Venus overlapping on the higher side? The answer, again, is 
earth velocity, 97,600 ^s, which must be reduced to "de-orbit" 
an earth-launch vehicle toward Venus. Once again, it is im- 
portant to point out that in space it takes as much energy to 
slow down as to speed up an equal amount. 

The manner in which this trick is accomplished is a bit dif- 
ferent from the manner" of descending from a "higher to a lower 
earth orbit. The latter maneuver, as we have stated, is done by 
retrothrust applied at th^ proper time. The Venus launch is accom- 
plished more easily in -terms of a three-body problem. Like the 
Mars launch, the Venus launch must achieve about 2,000 fps 
excess velocity over earth escape. The difference is that the Mars- 
bound vehicle is launched in the direction of the Earth's travel 
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about the sun. It is launched forward, and its excess velocity im- 
mediately takes it farther from the sun. The Venus-bound ve- 
hicle is launched in the direction opposite that of the earth's travel. 
It is launched rearward, and its excess velocity, once escape has 
been achieved, becomes a braking velocity that pulls the vehicle 
closer to the sun. Which way the vehicle goes in regard to the 
earth's path around the sun depends onl> upon the time of day 
at the same launching site. Since the earth turns halfway around 
in 12 hours, "eastward'' can actually be two opposite directions 
in relation to the Sun. A Mars flight could depart eastward at 
midnight; a Venus flight could depart eastward at noon. Other- 
wise the pathways are similar — describing the long, easy loop of 
the basic Hohmann transfer around the sun. 

We still have not answered the question why the inward path 
is harder than the outward. Why does it take more energy, for in- 
stance to "fall" into the sun. a mere 93 million miles away, than 
to "climb" several billion miles completely out of the solar sys- 
teiTi^'The answer, as briefly as possible, is that the gravitational 
field around a celestial body increases in intensity with closeness. 
Around a huge body like the sun, it is an extremely large and 
powerful field. To reach the sun requires killing off the entire 
earth velocity pf 97,600 fps plus some excess. A weaker effort 
might, for instance, cause an earth-launched vehicle to be drawn 
into a close perihelion inside Mercury at a speed of perhaps 
200,000 fps (Mercury's orbital speed is 157,000 fps) and flung 
back to the 93,000,000-mile aphelion whence the trip began.* 



Other Solar Systems oddities and piioblems. — Having staged 
the main requirements for visiting planets on either side of the 
,earth, we may consider our topic of propulsion, control and guid- 
ance of space vehicles — the bare essentials — virtually completed. 
There are numerous other oddities' of celestial mechanics, how- 
ever, that might be mentioned — including some that involve highly 
advanced mathematical concepts. 

We might at this point explain why the Hohmann transfer is 
not necessarily the minimum energy route. Theoretically one could 
reacFi Venus with less propellant expenditure by boosting to a 
higher heliocentric orbit, then deboosting downward to take ad- 

•NASA plans at this writmjr call for a Manner spacecraft to be laMn(;hcd in 197J to make 

on-the'spot reports on Venus and "Mercury In a carefully calculated trajectory Vcnuslan gravity 

would be used to deflect and accelerate the Mariner toward Mercury The craft will carry 
TV cameras and scientific instruments 
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vantage of a faster '*ski slope." (The d|boost effort requires less 
energy at higher aphelions). 

We should mention the use of a planet's atmosphere for free 
braking power, as well as the use of a planet's gravitational field 
for free propulsive energy away from the planet. A vehicle ap- 
proaching a planet must have a sufficiently low velocity to be 
captured by that planet. If it comes in with any amount of excess 
velocity, it ^ill be deflected and flung out into space on a hy- 
perbolic trajectory (an open trajectory, i not closed like an orbit) 
with increased speed — 'the original excess velocity plus added 
energy picked up from the visited planet. Mighty Jupiter, with a 
mass 318 times that of Earth, is an especially attractive gravita- 
tional engine for boosting a vehicle toward more distant planets. 
The earth-launch requirement to escape the solar system can be 
reduced from 54,000 to about 47,000 fps with the help of Jupiter. 
It can be further lowered by choosing 'a time when JupSkr and 
other planets are so lined up that a vehicle could be flung from 
one to another on the way out, picking up speed with each en- 
counter. 

Sometimes we hear of "two impulse" and "three impulse" 
maneuvers for space travel. These maneuvers assume the use of 
chemical rockets, with bursts of energy, each of a few minutes' 
duration, used at certain carefully-selected critical points in a 
journey to establish a major change of trajectory, sucji. as to 
establish a perihelion and aphelion, or circularize an orbit, d.eboost 
to a lower orbit, etc. In between these major impulses there might 
be minor ones for mid-course correction. 

What about continuous propulsion, such as might be possible 
with'* low-thrust electric rockets or nuclear rockets of the future? 
Continuous low-thrust propulsion would keep a rocket on a con- 
tinuously changing course — a spiral. The first part of a journey- 
may be slower than could be accomplished by chemical rockets, 
but on a long space journey, the gradual buildup of velocity by 
use of the electric rocket would make each loop of the spiral 
wider and faster until a velocity "crossover" point was reached 
at which the electric rocket would increase velocity to a valuer 
greater than possible with the chemical rocket and would reach 
a distant destination more quickly. It is rather like the classic 
race between the hare and the tortoise; the electric "tortoise" 
beats the chemical "hare," if the course is long enough. 
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Boosting off the earth, as well as landing on and taking off 
from other planets, however, requires an intense burst of energy 
which today only mammoth chemical rockets can Supply. Even the 
high-thrust NERVA-type nuclear engines, will be rather large and 
heavy. A future manned round trip to another planet will no 
doubt take advantage of electric propulsion, but it will also have 
to carry along with it the means for landing and escape propul- 
sion, with an equipment and propellant load much heavier than 
that of (he Apollo missions. Jupiter would be an unlikely target 
prospect because of its powerful gravitational field and escape- 
velocity requirement; but Jupiter has moons about the size of the 
earth's moon which might be interesting to explore and "^would 
offer a spectacular platform for a close look at the largest planet. 

The presence or lack of atmosphere on a planet is a factor 
that tends to cancel itself out in terms of landing-plus-escape 
velocity requiremeilt. In short, atmosphere provides free cushion- 
ing on the way^ down and reduces the need for retrothrust; but 
to the same extent, its resistance adds to the escape velocity 
requirement. 

All in all. Mars is the most likely prospect for manned explora- 
tion after the moon. It is Earth's next-door neighbor, not quite 
so close as Venus but equally easy to reach. Its atmosphere is 
chemically unfit for human breathing and too thin anyway. Its 
climate is cold and arid (although recent evidence indicates the 
possiblity of some water there). Nevertheless, Mars is probably 
no more inhospitable a place than the Moon fcfr men clad in space 
suits. Furthermore, since Mars is considerably smaller and lighter 
than earth, its gravitational problems ^re smaller. Mars, however, 
still requires an escape velocity of 16,400 fps plus an equal 
braking velocity for launching — more than double 4he moon re- 
quirements. The total round-trip velocity requirement for an ex- 
pedition to Mars would be well in excess of 70^000 fps. Realizing 
^ how much greater the payload requirements would be for such a 
trip, we can see that the Mars launch vehicle would haye to be 
many times the size^of the total Saturn V-Apollo assembly if 
chemical engines and earth launch are used. 

Perhaps, instead of attempting to boost such a monster off 
t)ie face of the earth, teams of astronauts could assemble the 
^ Mars vehicle in earth orbit by m^s of shuttle vehicles and 
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perfected rendezvous and docking techniques. The load of pro- 
pelJants required to boost a space ship out of orbit is but a 
fraction of that required to boost \i off the ground. Visits to 
planets other than Mars would almost certainly demand such 
procedures. 

We could go on from here to discuss the possibilities of iji- 
terstellar travel, but it is time to call a halt. The means of esca^ 
from the solar system are within man's reach. The means of get- 
ting to a destination in interstellar space, however, as we in- 
dicated in Chapter 4, are still far beyond man'sLcapabilities. Let 
us conclude, then, with a ''conservativeY thought ^ou now know 
the dimensions of some of the p^oble^s of propulsion, control, 
and guidance of space vehicles in twms of interplanetary travel — 
in a solar system man has hardlyy^egun to explore. These are the 
challenges that astronauts, perh^ you among them, will face in 
your lifetime 

^ MMARV 

The more one examines the! operation of vehicles in space, the 
more one is aware of the fact that achieving a precise velocity is 
the greater part of guidance. Unlike ground or air travel, in which 
velocity determines the time taken to reach a destination but not the 
destination itself, velocity determines the trajectory taken by a mis- 
sile, the orbital height reached by an Earth satdlite, or the pathway 
that a vehicle^in solar-system space can ta|ke) to another planet. 
The art of space travel is that of using brief, inputs of man-made 
velocity, provided by rockets, for the sake of catching free rides on 
the natural forces of gravitational attraction provided by the sun. 
and earth., other planets, and^moons 

On analysis, all pathways though space, from missile trajectories 
to interplanetary voyages, are orbits, parts of orbits, or hyperbolic 
trajectories around some center of gravity. Even a missile or sound- 
ing-rocket trajectory from one point to another on the face of the 
earth, if its pathway were projected into the solid earth, is re- 
veal^td to be an elliptical orbit around the center of the earth. 
Missifcs have sufficient velocity to travel through space thousands 
of miles before r^^ring the atmosphere. 

Sounding rocketSj|J^ rise to altitudes 'of a thousand miles or 
more at suborbital Mfecity. Sounding rockets of still higher alti- 
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tudes have sufficient velocit> for orbit but are injected at tP2J^i§t^ 
an angle to have the forward velocity to *'outrace the honzSn^' 
and stdv aloft for repeated turns around the earth. 

The minimum-altitude orbit of the earth is achieved by a satel- 
lite injected honzontaliy at about 100 nm altitude at a speed of 
about 25,600 fps. Assuming burnout of the rocket at that point, 
gravity will begm to pull the vehicle downward, but the vehicle's 
forward veloictv will carry it around the curve of the earth at the 
same altitude before it can return to earth. Assuming the same 
^ 100 nm burnout and injection point, greater and greater injection 
velocities will boost the vehicle to higher and higher apogees, 
but they will always return on ehiptical pathways to the same 
ICQ nm perigee. 

Thist'paradox must be noted, the higher the injection velocity, 
the sloS'er the average speed. ,An addition of velocity in space 
can only boost a vehicle to a higher orbit where it will move 
slower. Similarly, retrothrust or braking velocity applied in space is 
a method of speeding up by drawing the vehicle downward into 
a zone where the gravitational field will move it along faster. 

Jf a circular orbit at a higher altitude is desired, a ''kick in the 
apogee" is applied — a second impulse of rocket energy. If it is 
applied exactly at the apogee point, the vehicle will move out 
on a line tangent to the former ellipse and immediately swing 
into the wider orbit. A change of orbits in the same orbital plane 
(coplanar transfer) by this use of tangent points requires the least 
energy. This type of transfer also requires long, gradually curving 
pathways rather than shortcuts. Such minimum energy transfers 
arc called Hohmann transfers after the man who first described 
the principle back in 1925. Nowadays, in boosting Earth satel- 
lites to higher orbits, sometimes greater bursts of energy are ap- 
plied at intersecting rather than tangent transfer points. 

Between these coplanar maneuvers and the control of the veloc- 
ity vector to achieve non-coplanar transfers, practically any objec- 
tive in near-earth space can be reached. It is impossible, of course, 
fer a vehicle to orbit the earth in any plane except one that passes 
through the center of the earth, but a wider variety of ground 
tracks can be traced, or any point on the earth's surface directly 
overflown, by a satellite in accordance with these principles and^with 
the right timing and velocity inputs. Perhaps the ultimate in earth- 
satellite maneuvers is that which boosts a satellite to a height of 
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19,351 nautical miles directly over the equator, wher« it will circle 
the earth in one day and appear to hover stationary over one 
point on the equator. Such satellites have proven valuable as com- 
munications relays. 

Flights to the moon and to other planets are accomplished by 
following the same pnnciples that govern earth orbits, but the 
problems of such flights are no longer two body problems (that 
is. the Earth and a vehicle moving m the earth's gravitational 
field). . \ 

One difficulty of reaching or circling behind the moon lies 
principally in the fact that, as one aims for apogees beyond 100,- 
000 miles, the differences m velocity requirements grow smaller 
and smaller for reaching greater and greater distances. If the shot 
at the movmg target which is the moon is given enough velocity 
for complete escape from the Cvirth's gravitational field, it can be 
aimed with enough precision to hit the Moon, but if orbiting 
the satellite around the moon or capture by the moon's own 
gravitational field is the object, the velocity must be adjusted 
very precisely. ^ 

Some idea of the complexity of the Apollo manned expedition 
to the moon mdicated by summarizing the flight plan. Such 
unique steps as separating and reassembling the vehicle in park- 
ing orbit around the earth, separating the modules again so that 
one lands on the moon while the other orbits the moon, re- 
assembling the modules m moon orbit, and ultimately shedding 
all retnaimng modules and leaving only a small command module 
for earth reentry, are included \ fast reentry is used depending 
upon only the atmosphere to cushion the descent. Otherwise the 
rocket and propellants needed for braking the reentry would 
greatly increase the final load. 

Interplanetary flights with unmanned vehicles have already been 
accomplished. To reach the nearby planets. Mars and Venus, the 
orbital speed of the earth. 97.600 fps. is used. By achieving a 
launch velocity on the order of 2.000 fps in excess of escape 
velocity.' either path can be chosen. For an outward orbit around 
the sun j^vsiiercept Mars, the vehicle i*; launched ahead of the 
earth, and for\n inward orbit to Venus, the vehicle is launched 
rearward thatlits velocity is subtracted from rather than added 
to that of the earth Minimu^ energy or Hohmann-type routes 
are necessary at present. The. planet in either instance is inter- 
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ccptcd by a long orbital chase around the sun. Because of in- 
crease of gravitational field strength with closeness to the sun, 
inward path is more difficult than the outward in solar-^sys- 
space. 

sr oddities of mterplanetary travel include the possibilities 
using fly-bys of planets as a means of increasing velocity, and 
of low-thrust continuous propulsion in a spiral trajectory, as 
'^electric rockets become available. The largest problem to be faced 
in planning a manned landing on another planet is the velocity 
re^ukement foi landing and escape, in addition to that required for 
the space journey. Assembly of vehicles in orbit may be the 
answer. 

WORDS WD PHKASK.S TO RKMKMBER 

angle of inclination non-coplanar transfer 

aphelion parking orbit 

coplanar transfer perihelion 

iast transfer readout 

ground track transfer 

heliocentric velocity transposition 

Hohmann transfer velocity requirements 
hyperbolic trajectory 

Q I K S f 1 O N S 

1. ExpUin the pandox of tncreastej; velocity to slow down in tenns of 
sateUltes in EuHi orbit, 

2. In IwmrhhTf a Tefaide into orfoit, what point of tbe orbit is establisfaed 
hy bornoot and what point b estal>Usi]«d by vdodty at bcmioot? 

3. What is a *iota] velocity requirements 

4. What rale applies to the plane of a ballisdc missile trajectory or satellite 
orbit? 

5. What are some of th practical uses of earth satellites? 

6. How is an eHipdcal orbit drcslarized? rf^'^ 

7. Wliat idnd of transfer is accomptlsl^^by ^£t^ ^anfetit trajectories? 

- \ , 

rodcet propolsioo? \ J 

9. What is a "coplanar transferT A *^OD«cop<fl^ transferr* 



Intersecting trajectories? v ; 

t. In fcneral^ wliat idnd of trajectory iTvCharactn&tic of Iow*tlirast electric 
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Whit art tbe btsic itt^ by which a lynchrooow nUelUU b placed hi 
**statioiiar7^ orbtt orer the e<niatorT 



11. What idnd of orbit has a crocmd track that describe* a fitm 8 above 
atid below the equator? 

# 

12. How mnch diflert»c« fai rdodty reqnfremeot b there between reacUoc 
a 100,t)00-m]) apofee and reachhif the mooa? 

13. In the ApoHo procram. what b &e eamtia] difference hi mtbod between 
landhrf on the mooo and landhif on the earth? 

14. What b the tmral dupe of the aotar lystein? 

15. If a rehldc b laonched off the earth with eacape rdodty and no more, 
what b its relodty fai aolar system space? 

16. To reach Venus, most the heliocentric relodty of a rehlde lamicbed from 
earth be tocresSed or decreased? How b thb accomplished? 

17. Wfay^Soes tt take more energy to probe the son than to eacape from 
the fOMT syitm? 

18. Why Height a fly^ of Joplter be adrantageoos bi a royage to an 
o«ter planet? 

THINGS T O D () 

*1 From onrenl reading, find out what the current emphasis is on in the 
American and Soviet space programs. Pay attention to information rclatmg 
to cooperation in space between the two nations. 

2 Find out the status of manned and unmanned exploration of the moon 
and the planets. Which planets are receiving the most attention, and why? 
Also, keep up with the status of the Grand Tour. Financial problems have 
jeopardized this prograpa. if it is still alive. 
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The following is a list of subjects of interest to the study of 
space technology, including many of the terms listed in the "Words 
and Phrases to Remember^' sections at the end of each chapter plus 
other entries. Terms in this list are adequately explained in the text 
usually where first mentioned. Page references locate passages 
where the items are defined, discussed, or explained, as necessary 



obfotivt h*at shi*id, 12 
occtUrotion, 7, 30, 78-79, 119, 125 
occtferomeltr, 125-126, 141 
aerodynamic flight, 7-11 
^Ag*na-D, 64 
ambient air, 8 
ambient, pressure, 31 
angle af inclinatian, 152 
aphelian, 167, 170 
apog»e, 12, 146, U8-150, 154^158 
Apollo program, 14, 15, 82, 83, 86 117 

161-164, 171 
arc iet, 90, 92 
AtIas*Centaur, 42 
attitude, 10, 12, 13, 110-112, 164 

B 

boMiitic missile, 14M43. See olio, speciifc 
entries, such as Minuteman III, Pa»ei. 
dan, etc 

battery, 82 

binary number system, 114, il6 
Bernoulli's low, 10 
Somorc, 68 

boosters. See specific entries, such as 
Atlas-Centour, Soturn V, ttc. 



celesHol navigation, 128032; in cislunor 
- spoce, 129; in deep space, 156; prob- 
' lemi of, 128-129, 131 
celestial mechanics. See motion, plane- 
tary; celestial navigation 
chemical rocket. See propulsion, chemicol; 
rockets 

corobHijion, 21-22, Z5, 36, 89 
computer^, 112, 114-118, 122, 125, 159; 

onolog, 115-116; digitol, 116-117 
cones of po$itioiy^9-l31 
Congreve, Willi^, 50-51 i 
control, 1, 17, 105, 146, 151, 161; oir- 

croft, 9-10; spacecraft, 16-17, 106 
cryogenics, 22-23, 36, 61-63, 66 



de Lavol, Corl Gustov Potrick, 31. Sm 

also exhoust nozzie 
delto-V, 7, 15, 16, 44, 79, l4l, 14«, 151 
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electric rockets. See propulsion, electrical 
escope, 11. See oHo velocity, escape 
exhoust nonle, 29-32, 5S, 91, 106, 109 
expansion rotio, 31-33 * 



friction, J 
fuel cell, 82-83 



Golileo, 2, 3, 12 

gos pressure. See moss flow, pressure ond 

Gemini progrom, 64 
Goddord, Robert, 60 
groin, 54-58 

grovitotion, 2, 4, 11, 137, 142, 151 157 

165, 166, 169 
grovity, 2, 7, Ul, 144, 146 
ground trock, 17, 142, 153 
guidonce, 1, 17, 105-106, 113-114 117- 

128, 142, 146, 151, 154, 161; celestiol, 

121; commond, 121-123, 132; inertiol 

121, 123-128, 132; lounch phose, II9! 

1 22; midcourse, 1 1 9- 1 20, 1 22, 1 32; 

terminol, 120. S*e oUo ceUstiol novi- 

go^ion 
gyroscopes, 125-127 



H 



Hohmonn, Wolter, 148-149. 

tronsfer, Hohmonn 
hypergolic fuels, 27, 61, 64 



See a(»o 
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IS 



inertia, 6 
lon engine, 



jet enginei, 9, 28, 35, 68,^ romjet, 9, 67- 
69, Scroml^e, 69.70, Scramiet. 69, 
turbofon, ^, 35, turbojet, 9 



Kepler, Johannes. 2. 5, 12, 17, 147, 165 

L 

launch propulsion, 36-37, mass ratio, ^ 
38-40, thrus!-!o-weight ratio, 37-38, 
weight-to* payload ratio, 41-42 
Ley, Willy, 17, 158 
lifting body, 12 ♦ 
lines of position, 129*131 
liquid engine. See rockets, ''Q^y^ 
lunar Orblter. 160 / ^ 

M 

Manner, 167 

mass. 6, 13, 24, 27, 166 

mass flow, 27, 75, 90, 91, pressure and, 

28.29 " 
mass ratio. See lauhch propulsion 
meteor, 1 1 
meteorite, 1 1 
meteoroid, 1 1 
Mighty Mous< 52 
Minufeman HI, 52 
missiles. See ballistic missiles 
momentum, 6 

motion, laws of, 2-8, 29, 123, 137, plane- 
tary, 4, 5, 117, 137, 139, 165. See also 
Kepler, Johannes, Newton, Isaac 

N 

navigation, 105. See also celestial naviga* 

tion, control 
NERVA (Nuclear Energy for Rocket Vehicle 

Application) See nuclear reactor 
Newton, Isaac, 2 5, 8, 12. 17, 77 
nucieor energy. See propulsion, nuclear. 

nuclear reactor 
nuclear fusion. 99 

nuclear reactor- gas core rockets. 96.99. 
SNAP (Systems for Nuclear Au^jiliary 
Power). 85.88. 96, NERVA (Nuclear 
Energy for Rocket Vehicle Application). 
88, 95-96, 99, 171 



Oberth, Hermann, 60 
orbit. 1. 4, 119, 144.155. 157. 163. 165- 
166; change, 16; circular, 146-151, 153. 



decay. 12. 108; elliptical, 4, 146.147, 
154, 159. injection into, 142, 144,. 147, 
porking. 148. 157 See also tra|ecto?fes, 
tronsfer, velocity, honzontol 

oxtdolion, 2, 21-25 

oxidizers 22, 25.26< 53 ' 



perigee, 12, 142, 147 U9, 154, 157 
perihelion, 167, 16^.170 
photon systems, 99. 1(X) 
Piobert's Low, 54.55 
planetary travel, 165.172 
plasma engines, 93.94 
Poseidon, 52 

position fixing See celestial navigation 
power, electrical, 80-88, chemlcol and 

solar sources, 81-85, nuclear, 85 See 

also arc jet, ion engines, plasma en 

gines, resistojet 
propellont, 23, 25 27, 36 38, 91, 95. 162 

164, hybrid, 66.67, liquid, 52, 59-66, 

solid. 52-58 See also cryogenics, gram 
propellont weight flow rote. 16 
propulsion. 1. 8. 13. 15-17, 142, 146, 

161, chemical, 16. 21, 35. 90. 170. 

electrical. 35. 76. 79, 88-94. 170.171, 

in space. 76-80. nuclear. 21. 29. 35. 

76, 92. 94-100. See also launch pro 

F^ulsion 



radioisotopes, 85-86 
ramjet. See jet engines 

Ranger Mi. 159 
reducers. 22. 53 
Redstone. 61 

•eentry. 11. 12, 120. 143. 146. 157. 164 
resistojet. 90-92 

rackets, 9. 160. 161-164. design, 30. his 
tory. 50 52. 60-61; hybrid. 60; liquid. 
15. 21. 49. 59-66, 108, 109, solid. 15. 
21. 49-58. 108, 109. See also sound- 
ing rockets 

rotation of earth. 139. 142. 154. 168 169 



satellites. 4. 12 13. 144-146. 147. 151-155. 

synchronous, 4. 152-1 53, 1 55 
Satu/n V. 13. 21. 37. 42-43. 66. 77. 161. 

163. 171. thrust of, 13. 34; weight, \4. 

37. 164. thrust-to-we«ght ratio, 37. Stie 

also Apollo program 
Scout. 34. 41-43. 58 
Scramlace. See jet engines 
Scramjet. See |*t engines 
servomechanisms. 112-114. 118. 125 
sidereal period. 5 
solar cell. 83-84 
solar constant. 83 
solid motor. See rockets, solid 
sounding rockets. 143-144 
spacecraft See specific entries, such as 

Mariner, Ranger 111. etc 
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<3c« shutrtt, 13, 70, 171 
s^fic 16, 28, 34^36, 40, 58 59 

Ss89, 92-93, 93-96 
SorvtyoV, 160 



Thor-Otito, 58 

thrust, 8-9, 33-35, 58, 78 79, 95, 166; 
mpdulatipn, 57, 59, 108; rtquiremtnts, 
76; ttrmlnptipn, 108-109; in traniftri, 
149-152. St« alfp launch prppuliipn 

thrust vedpr, 16, 64, 109, 110, 152, 167 

Titon II, 64 

Titan III, 13, 14, 58, 64 * 
trpi»ctpri»s, 1, 4, 11, 138, 141-144, 158 
170 

transfer, 148-153; cpplanpr, 148-152, 166; 

fast, 150-151; Hphmann, 148-151, 167, 

169; npn-cpplanar, 152, 166 
transpositipn, 161 
Tsiplkpvski, Kpnstantin, 60 
turbpjtt^ St« jtt •ngints 



V-2 rocktt, 52, 60-61 

vtlocity, 3, 46, 17, 138-141, 142, 146- 
148, 157-160, 163, 163-171; burnput, 
139; tscap«, 157, 166, 168, 171; h«lip. 
wntrk, 166; hprlzpntal, 144, 146; tptaf 
139-141, 148; pf tarth. $«• rptatipn pf 
. •arth. So also dtlta-V 
'*^yn\\tr tngin«s, 110-111, 153 
Viking (boosttr), 161 
Viking Mars (spacecraft), 160 
vpn Braun, Wtmhtr, 60, 106 

w 



wtightlessntss, 13, 119 

wprking fluid, 29, 75, 89, 96 



X-15, 8, 68-69 



186 



179 



^[^(]] ^ V- P'^'f^'NQ OPPlCe . If73« 741-952 



